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A COMPARISON OF bp AND L-TRYPTOPHAN 
ON THE CEREBRAL METABOLISM OF 
5-HYDROXYTRYPTAMINE AND DOPAMINE IN THE DOG 


J. BUDNY 


The Proctor and Gamble Co., Miami Valley Laboratories, P.O. Box 39175, 


Cincinatti, Ohio 45239, U.S.A. 


R.C.DOW, D. ECCLESTON, A.G. HILL & ISOBEL M. RITCHIE 
MRC Brain Metabolism Unit, University Department of Pharmacology, 


1 George Square, Edinburgh EH8 9JZ 


1 After D and L-tryptophan (50 mg/kg) were given intravenously in the dog, the concentration of the 
amino acid was increased in ventricular cerebrospinal .fluid (CSF) during the subsequent 4h of 
sampling, although the concentrations were significantly lower following the administration of the D- 


isomer. 


2 There was no evidence that D-tryptophan increased the synthesis of 5-hydroxytryptamine (5-HT) 
in dog brain as judged by the failure to cause a change in 5-hydroxyindoleacetic acid (5-HIAA) 
concentrations in ventricular CSF different from that seen with controls. 

3 There was no appreciable conversion of D-tryptophan to L-tryptophan in the dog. 

4 D-tryptophan was cleared more rapidly from plasma than L-tryptophan. 

5 No difference in plasma binding between D and L-tryptophan was detected. 


Introduction 


In exploring the effects of D-tryptophan on brain 
indoles in rats, Yuwiler (1973) observed that there was 
an increase in the cerebral 5-hydroxytryptamine (5- 
HT) and 5-hydroxyindoleacetic acid (5-HIAA) 
concentrations. Since he also observed that D- 
tryptophan only sparingly crossed the blood brain 
barrier, he attributed the rise in 5-hydroxyindole 
concentrations to extra-cerebral conversion of 
D-tryptophan to L-tryptophan via indole pyruvate. 
Numerous studies (du Vigneaud, Sealock & Van 
Etten, 1932; Berg, 1934; Oesterling & Rose, 1952) 
have shown that the rat is able to use D-tryptophan 
almost as well as L-tryptophan for growth, which is 
consistent with Yuwiler’s explanation of increased 
formation of 5-hydroxyindoles from D-tryptophan. 
There is a likelihood of human exposure to D- 
tryptophan because it is sweet (Berg, 1942; Berg, 
1953). It could then be considered as a substitute for 
the currently used artificial sweetener Saccharin, 
cyclamate already having been withdrawn for tox- 
icological reasons. It is also a constituent of oral and 
intravenous amino acid supplements. If one then 
wishes to extrapolate animal studies on D-tryptophan 
to man, it seems likely that the rat is an inappropriate 


model since man is probably unable to use D- 
tryptophan (Baldwin & Berg, 1949; Rose, 1949). The 
dog on the other hand appears to be unable to convert 
D-tryptophan to kynurenic acid (Correll, Berg & 
Cowan, 1938). Furthermore, the urinary metabolite 
profile from dogs given D-tryptophan (L.M. 
Henderson and K.C. Triebwasser, personal com- 
munication) seems to be reasonably similar to the 
urinary metabolites of D-tryptophan from man 
(Hankes, Brown, Leklem, Schmaeler & Jesseph, 
1972).' Consequently the dog is probably a better 
model than the rat for examining the effect of D- 
tryptophan on the 5-HT pathway in animals if it is 
intended to extrapolate the findings to man. Therefore, 
we initiated these studies to determine what effect, if 
any, D-tryptophan had on the 5-HT pathway in the 
brains of dogs, and indirectly on that of dopamine. 


Methods 
Four male Beagle dogs with indwelling ventricular 
cannulae (Ashcroft, Dow & Moir, 1968) had 0.5 ml of, 


CSF withdrawn on 3 occasions, at 0, 30 and 60 min 
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2 
è 
before an intravenous loading dose of equal volumes 
of 0.9% w/v NaCl solution (saline), or D or L- 
tryptophan (50 mg/kg made up in saline at a con- 
centration of 20 mg/ml). This dose was chosen as that 
producing a change in 5-HT synthesis when cisternal 
CSF was used as an index of cerebral turnover 
(Eccleston, Ashcroft, Moir, Parker-Rhodes, Lutz & 
O’Mahoney, 1968). Further samples of CSF were 
withdrawn at 30min, 1, 2, 3 and 4h after the 
intravenous injection. Five mi of blood was removed 
by venepuncture at the same time as the CSF samples. 
The experiments were always performed at the same 
time of day to obviate possible errors due to circadian 
variation. 


Biochemical estimations 


Free and total tryptophan. The 5 ml of blood was 
centrifuged immediately at. room temperature for 
5 min at 1000 g. The plasma was separated and an 
aliquot deep frozen until the total tryptophan was 
estimated; 1 ml of plasma was centrifuged at 1000 g 
for 1 min at room temperature through an Amicon 
membrane (Centriflo 224-CF-50), The ultrafiltrate 
was deep frozen until required for estimation (not 
more than 2 days). Tryptophan was then measured on 
0.1 ml of plasma ultrafiltrate and 0.1 ml of CSF by a 
micro method based on that of Guroff & Udenfriend 
(1962) from the original method of Hess & Udenfriend 
(1959). 


Homovanillic acid (HVA) and 5-hydroxyindoleacetic 
acid in CSF. These were estimated according to the 
spectrophotofluorescence method of Yates & 
Guldberg (1968) modified for small CSF volumes by 
Pullar, LA. (unpublished). 


Statistical treatment of the data 


Because the variation in the data between animals and 
between experiments was large, it was decided to use 
all the CSF data in the analysis rather than that 
obtained at particular time points and to treat each set 
as a regression problem (Kendall & Stuart, 1967). The 
best fitting polynomial was ascertained by computer 
programme and this gave information as to whether 
metabolites rose significantly, if they rose in a linear 
fashion or if they rose and fell. Such treatment of data 
in similar previous experiments in cisternal fluid had 
indicated a rise and fall of 5-HIAA after treatment 
with L-tryptophan (Eccleston et al., 1968). 


Results 


Tryptophan 


The administration of D and L-tryptophan 
intravenously led to an elevation of the amino acid 
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Figure 1 Total concentration of tryptophan (free 
and bound) In plasma of dog both before and after an 
intravenous dose of D (O) or L-tryptophan (A) (50 
mg/kg) or saline (Œ). Values ere mean of 4 
axperlments: vertical lines show s.d. 
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Figure 2 Concentration of tryptophan in ventricular 
CSF of dog before and after an intravenous injection 
of D (O) or L-tryptophan (A) (50 mg/kg) or saline (0). 
Values are mean of 4 experiments: vertical lines show 
s.d. 


both in plasma and CSF (Figures 1 and 2). Even 
though equal quantities of the isomers were given, 
after 30 min and 1h the total concentration of D- 
tryptophan in plasma was significantly (P < 0.02 and 
P <0.025 respectively, Student’s ¢ test) lower than that 
for L-tryptophan and at 1 h the concentration of free 
tryptophan was lower for the D-isomer than the L- 
isomer (P<0.05, Students ¢ test). There was no 
difference in the percentage of amino acid bound to 
the plasma protein between the D and L forms. Taking 
the best fit cubic equations for the results with CSF 
(significance of fit P<0.001) the concentration of D- 
tryptophan peaks at 1.3h with a value of 
4.3 +0.3 jig/ml and the concentration of the L-isomer 
peaks (significance of fit cubic equation P< 0.01) at a 
similar time, 1.2 h reaching 9.9+ 1.1 pg/ml which is 
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Figure 3 Concentratlon of free tryptophan in 


plasma of dog after an Intravenous dose of 6 {O} or L- 
tryptophan (^A) (50 mg/kg) or saline (C4). Values are 
mean of 4 experiments; vertical lines show s.d. 
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Figure 4 Concentration of 5-hydroxyindoleacetic 
acid (5-HJAA) In ventricular CSF of dog after an 
Intravenous injection of p (O) or L-tryptophan (A) 
(50 mg/kg) or saline (O). Values are mean of 4 
experiments; vertical linas show s.d. 


significantly different from the maximum concentra- 
tion of D-tryptophan at the 0.001 level (Student’s ¢ 
test). This suggests that there is no delay in entry of D- 
tryptophan into CSF compared with L and that the 
lower concentrations are a reflection of the lower con- 
centrations of the amino acid in plasma. In the 
experiments in which saline was injected there was 
neither a change in free or total tryptophan in blood or 
plasma with time (Figures 1 and 3) nor in CSF 
(Figure 2). 


5-Hydroxyindoleacetic acid and homovanillic acid 


The data for 5-HIAA in CSF (Figure 4) after both L- 
tryptophan and saline significantly fits a linear 
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Figure 6 Concentration of homovanillic acld (HVA) 
in ventricular CSF of dog after an intravenous 
injection of D (O) or L-tryptophan (A) {60 mg/kg) or 
saline (£). Values are mean of 4 experiments; vertical 
lines show s.d. 


equation (P < 0.005 and < 0.02 respectively) whilst for 
D-tryptophan there is a linear trend which did not 
reach statistical significance (0.1>P> 0.05). 
Inspection of the data (Figure 4) shows the results 
with D-tryptophan and saline to be initially 
superimposible and certainly not significantly different 
from each other. The rate of rise was, however, higher 
for L-tryptophan than saline (P < 0.001). In the case of 
HVA in CSF (Figure 5), only L-tryptophan produced 
a linear rise (P<0.001), saline just failing to reach 
significance (0.1 > P> 0.05). 


Discussion 


The aim of the present experiments was to determine 
whether or not there is an increase in 5-HT synthesis 
in the dog after the administration of D-tryptophan as 
has been shown in the rat (Yuwiler, 1973). It was 
hoped to use the technique of tryptophan loading with 
cisternal CSF sampling as used in previous 
experiments (Eccleston et al., 1968). Unfortunately in 
preliminary experiments the data showed wide 
variation and ventricular CSF studies were initiated. It 
was found that after L-tryptophan there was a 
sustained rise in 5-HIAA concentration in ventricular 
CSF (Figure 4) and this continued throughout the 4h 
of the experiment, the data fitting linear rather than 
quadratic equations. The previous experiments 
examined the concentration of 5-HIAA in both brain 
and cisternal CSF and showed peaks in both con- 
centrations at about 2.3 h following the administration 
of L-tryptophan with a return to normal at 4 hours. 
The difference between the CSF from the two sites, 
ventricle and cisterna, may lie in the proximity of the 
cisterna to the choroid plexus of the 4th ventricle, the 
site at which acid metabolites are actively removed’ 
from the CSF (Ashcroft et al, 1968). The results 
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suggest that ventricular CSF levels of metabolites 
remain high after brain concentrations have fallen. 
In the rat Yuwiler (1973) found that D-tryptophan 
penetrated brain only slowly compared with L- 
tryptophan and although concentrations of 
tryptophan in brain were almost as high after 
peripheral injection of the D-isomer as after the L- 
isomer, an analysis of the amino acid present in the 
brain showed it to be almost entirely L, suggesting a 
rapid peripheral conversion of D-tryptophan to L- 
tryptophan with subsequent uptake into brain. Under 
these circumstances a rise in cerebral 5-HT synthesis 
was anticipated and, in the case of the rat, found. 
Our results in the dog are clearly different from the 
rat since there is no rise in the synthesis of 5-HT after 
D-tryptophan administration. After injection of the D- 
isomer, the concentration of tryptophan is 
subsequently increased in the ventricles but not after 
injection of saline. After both these treatments there 
was no rise in 5-HIAA. When L-tryptophan was given 
there was a rise in the concentration of both 
tryptophan and 5-HIAA in the ventricular CSF. This 
suggests that the tryptophan tsomer found in the CSF 
after infusion of tryptophan is the D-form and 
supports the view that the peripheral conversion of D- 
tryptophan to L-tryptophan is small. A further point in 
the failure of D-tryptophan to raise 5-HT synthesis in 
these experiments is the stereo-specific nature of the 
hydroxylase enzyme being greatly in favour of the L- 
form (Gal, Armstrong & Ginsberg, 1966). 
Clearance from the periphery of the two isomers 
was also different. The plasma concentration of D- 
tryptophan, both total and free at the earliest time of 
sampling, 30 min after administration, is lower than 
the plasma concentration of tryptophan measured 
after administration of the L-isomer and is presumably 
due to the more rapid renal clearance of D-tryptophan, 
perhaps because of failure to reabsorb the D-isomer 
from the glomerular filtrate. Differences in the binding 
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EFFECTS OF DRUGS 

AFFECTING ENDOGENOUS AMINES 

OR CYCLIC NUCLEOTIDES ON 

ETHANOL WITHDRAWAL HEAD TWITCHES IN MICE 


H.O.J. COLLIER, M.D. HAMMOND & C. SCHNEIDER 
Miles Laboratories Limited, Stoke Poges, Slough, SL2 4LY 


1 Twenty-four hours after ethanol withdrawal, dependent mice exhibited frequent head twitching. 
Naive mice exhibited similar twitching 15 min after treatment with 5-hydroxytryptophan (5-HTP) or 
6 h after a-methyl-p-tyrosine (AMPT). Ethanol lessened the incidence of head twitches induced by any 
of these treatments. 5-HTP and AMPT each increased the incidence of head twitches induced by 
withdrawal of ethanol from dependent mice. 


2 Drugs that affect the amount or activity of endogenous amines or cyclic nucleotides modified the 
incidence of head twitches. Nearly all drugs acted in the same direction on twitching elicited by any of 
these three treatments. 

3 The incidence was lessened by: (a) methysergide, methergoline, MA 1420, p-chlorophenylalanine 
and p-chioroamphetamine; (b) dopamine, noradrenaline, L-DOPA, amphetamine and apomorphine; 
(c) hyoscine and nicotine; and (d) adenosine triphosphate, dibutyryl cyclic adenosine-3’,5’-mono- 
phosphate (db cyclic AMP) and prostaglandins E, and E}. 

4 The incidence was increased by: (a) acetylcholine, carbachol and physostigmine; and (b) guanosine 
triphosphate, dibutyryl cyclic guanosine monophosphate (db cyclic GMP), theophylline and 3- 
isobutyl-1-methyl-xanthine. 

5 These findings suggest that head twitching induced by these three treatments arises from a 
common biochemical mechanism, which may ultimately be a change in favour of cyclic GMP of the 
balance between this nucleotide and cyclic AMP within appropriate neurones. This imbalance appears 
to be elicited or increased by 5-hydroxytryptamine and acetylcholine and to be decreased by 
dopamine, noradrenaline and E prostaglandins. 

6 Neither actinomycin D nor cycloheximide, given during the induction of ethanol dependence, 
altered the incidence of head twitches after ethanol withdrawal. 


Introduction 


One of the obstacles to exploring the mechanism of 
ethanol dependence in experimental animals is a 
scarcity of recognizable abstinence signs. In mice, 
however, we observed that head twitching was much 
more frequent than usual between about 18 and 36h 
after withdrawal of ethanol, administered sub- 
chronically either by mouth or by inhalation 
(Hammond & Schneider, 1973). For reasons dis- 
cussed below, we regarded this as an abstinence sign. 
To explore the biochemical mechanism of ethanol 
dependence, we tested certain drugs, given after 
ethanol withdrawal, on the incidence of head twitching. 

Because the intraperitoneal administration of 5- 
hydroxytryptophan (5-HTP), or the intracerebro- 
ventricular administration of 5-hydroxytryptamine (5- 
HT) had been shown to elicit head twitching in mice 
(Corne, Pickering & Warner, 1963; Mawson & 


Whittington, 1970), we began by testing drugs 
interacting with 5-HT mechanisms. The study was 
then extended to drugs affecting other brain amines 
(Collier, Hammond & Schneider, 1974). Because of 
the interaction of some amines with cyclic nucleotides 
(Weiss & Costa, 1968; Ferrendelli, Steiner, McDougal 
& Kipnis, 1970; Wellman & Schwabe, 1973; Daly, 
1975) and because another drug of dependence, 
morphine, interacts with cyclic nucleotides (Collier & 
Roy, 1974; Gullis, Traber & Hamprecht, 1975), we 
then studied the effects of some other drugs affecting 
cyclic nucleotide mechanisms on the incidence of head 
twitches after ethanol withdrawal. These studies are 
described in detail below; some of these findings have 
been briefly reported (Hammond & Schneider, 1973; 
Collier et al., 1974; Hammond & Schneider, 1974; 

Collier, Hammond & Schneider, 1976). j 
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Methods 
Animal treatment and observation 


Male albino T/O strain mice weighing 23 to 25g at 
the start of the treatment were used. They were 
randomized into groups of five and coloured for 
identification. In the ethanol withdrawal experiments, 
mice received by intragastric tube a daily dose of 
ethanol (40% w/v, in distilled water) starting at 4 g/kg 
(i.e. 10 ml/kg) on the first day and increasing daily by 
1 g/kg to 7 2/kg on the fourth day. Head twitches 
were counted 24h after the last dose of ethanol. In 
experiments in which head twitches were elicited in 
naive mice, 5-HTP (400 mg/kg in 20 ml saline/kg) 
was given intraperitoneally and head twitches were 
counted 15—19 min later. a-Methyl-p-tyrosine 
(AMPT) (300 mg/kg suspended in 10% w/v gum 
acacia in distilled water) was given orally (10 ml/kg) 
and head twitches counted 6 h later. 

Drugs tested for ability to modify the incidence of 
head twitches were given in a dose volume of 10 ml/kg 
by the oral, intraperitoneal or subcutaneous route. 
Intracerebroventricular injections (up to 50 yl in 
volume) were carried out by the method of Haley & 
McCormick (1957), modified by using 3 mm depth of 
injection and light ether anaesthesia. Most drugs were 
dissolved in 0.99% w/v NaCl solution (saline) or 
distilled water; MA 1420 was suspended in 10% w/v 
gum acacia in distilled water, and methergoline was 
dissolved in 1% w/v ascorbic acid in distilled water. 

Individual head twitches were counted during 
periods of 4 min, after transferring the mice in groups 
of five to opaque plastic boxes (30 cm long x 12cm 
high x 12cm wide) fitted with a perforated Perspex 
lid. Observers did not know the treatment each mouse 
had received. 


Design and analysis of experiments 


In experiments on the induction of head twitching, 
mice received either inducing treatment (ethanol, 5- 
HTP or AMPT) or vehicle. In experiments on the 
modification by drugs of the incidence of head 
twitches, some mice received inducing treatment, and, 
of these, some received modifying drug and the rest 
vehicle; other mice-received both vehicles. The effect 
of a modifying drug on induced head twitching was 
expressed numerically as the ratio of the mean twitch 
count in mice treated with modifying drug to that in 
mice receiving its vehicle (the incidence ratio). 

Because values were not distributed normally, 
statistical significance was determined by the non- 
parametric Mann-Whitney ‘U’ test (Siegel, 1956). 
When only one dose is reported, this is a 
submaximally effective dose. The experimental design 
did not allow statistical comparison to be made 

between drugs. 
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Figure 1 Blood ethanol levels and incidence of 
head twitches in mice that had received oral doses of 
ethanol, Increasing from 4 to 7 g/kg, once dally for 
four days. (A) Ethanol concentration: (@) mean head 
twitch count/4 min; vertical lines represent s.e. mean. 


Ethanol concentration in brain homogenate or 
blood was determined by gas-liquid chromatography, 
as described by Hammond (1975a). 


Drugs 


The following drugs were used: acetylcholine hydro- 
bromide, adenosine triphosphate (ATP), amphetamine 
sulphate, apomorphine hydrochloride, carbachol, 
dibutyryl cyclic-3’,5’-adenosine monophosphate (db 
cyclic AMP), dibutyryl cyclic-3’,5’-guanosine mono- 
phosphate (db cyclic GMP), L-DOPA, dopamine, 
ethanol (96% v/v), guanosine triphosphate (GTP), 
hyoscine hydrobromide, imidazole, 3-isobutyl-1- 
methylxanthine (BMX), 6-acetamido-3-(3-(4-phenyl- 
1-piperazinyl)}-propyl)-2,4-quinazolinedione maleate 
(MA 1420), methergoline, a-methyl-p-tyrosine, 
methysergide bimaleate, nicotine hydrogen tartrate, 
noradrenaline hydrochloride, p-chlorophenylalanine 
methylester hydrochloride (PCPA), p-chloro- 
amphetamine hydrochloride (PCA), physostigmine 
salicylate, prostaglandins E,, E, and Faa; 
theophylline. Doses are expressed in terms of active 
acid or base. 


Results 
Induction of head twitching 


When ethanol was given once daily to mice on four 
successive days, its concentration in the blood reached 
a peak (400mg %) 30—60 min after the last dose 
(Figure 1). The concentration then fell to <3 mg % at 
12 h after the last dose of ethanol. The-concentration 
of ethanol in the brain closely paralleled that in blood. 

As the blood ethanol concentration declined, head 
twitching increased to a peak, at which each mouse 
exhibited about 1 twitch/min, 24 h after the last dose. 
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Table 1 Modification by ethanol and other drugs of the Incidence of head twitches induced by ethanol 
withdrawal, by 5-hydroxytryptophan (5-HTP) or by a-methyl-p-tyrosine (AMPT) 


Modifying Route Dose Incidence ratio after 
drug induction with 

Ethanol 5-HTP AMPT 

Ethanol oral 2000 mg 1.70 NT NT 
4000 mg 0.33t 0.30t 0.25t 

6000 mg 0.11} NT NT 
Methergoline oral 4 mg 0.10} 0.154 0.00T 
Noradrenaline Lev. 5 ug 0.25T 0.40f 0.25 
db cyclic AMP lL. 100 ug 0.10T 0.35T 0.05t 
db cyclic GMP Lov. 50 pg 2.28t 3.20T 1.75* 
Theophylline oral 100 mg 2.60T 2.604 1.85t 

imidazole oral 100 mg 1.15 0.20¢ 1.10 


Ethanol dependence was Induced by ora! doses of ethano! once dally for 4 days, increasing from 4 g/kg to 
7 g/kg. Head twitches over a 4min period were counted 24h after the last dose of ethanol. 6-HTP 
(400 mg/kg) was given intraperitoneallty (j.p.) 15 min before head twitch counting started. AMPT (300 mg/kg) 
was given orally 6 h before head twitch counting. Modifying drugs were given orally 1 h or I.c.v. 35 min before 
counting. Controls received the same inducing treatment as test animals, but only the vehicle of the modifying 
drug. The Incidence ratio ls the ratio of the head twitch count In mice receiving modifying drug to that In mice 
recelving vehicle of modifying drug. 

NT, not tested; db cyclic AMP, dibutyryl cyclic AMP; db cyclic GMP, dibutyryl cycllc .guanosine mono- 
phosphate. Oral doses In mg/kg; intracerebroventricular (i.c.v.) doses in ug/mouse. 

*P<0.05; tP<0.01; + P<0.001 (Mann-Whitney ’U’ Test). 


Table 2 Modification of the incidence of ethanol withdrawal head twitches by drugs affecting 5-hydroxy- 
tryptamine (5-HT) mechanlsms 


Effect sought Modifying drug Route Dose Incidence ratio 
(mg base/kg) 
Inhibition PCPA i.p. 50 0.70 
of 5-HT 200 0.63* 
biosynthesis 
PCA i.p. 1.25 0.74t 
5 0.44t 
20 0.35t 
Specific Mathysergide 8.0. 6 0.37ċ¢ 
antagonism 24 0.13ł 
of 5-HT 
Methergoline 8.C. 0.4 0.44* 
4 0.02* 
oral 4 0.10 
MA 14208 oral 25 0.71 
100 0.17£ 
increase of 5-HTP ip. 400 3.36* 
5-HT 


All mice received oral doses of ethanol, increasing from 4 to 7 g/kg, once dally for four days. p-Chloro- 
phenylalanine (PCPA) and p-chloroamphetamine (PCA) were given Intraperitoneally {i.p.) 1h before each 
ethanol dose. Antagonists were given orally or subcutaneously (s.c.) 1h, and 5-hydroxytryptophan (5-HTP} 
was given i.p. 15 min before counting started. Other details as Table 1. 

8 Hong, 1973. 
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From this peak, head twitching slowly decreased 
during about 72h to a normal level of about 0.15 
twitch/min (Figure 1). Further treatment with ethanol 
suppressed the twitching in a dose-related way 
(Table 1). A comparable increase in head twitching 
may be observed when mice are withdrawn from 
continuous exposure for 8—14 days to 20 mg/l of 
ethanol in the air they breathe (Hammond, 1975b). 
The head twitching in naive mice after treatment 
with 5-HTP or with AMPT was similar in appearance 
and incidence to that after ethanol withdrawal. 
Ethanol suppressed head twitches induced by 5-HTP 
or AMPT (Table 1), each of which in turn increased 
ethanol withdrawal twitching (Tables 2 and 3). Six of 
seven drugs tested modified head twitching induced by 
all three treatments in the same direction (Table 1). 
The seventh drug, imidazole, a weak stimulant of 
phosphodiesterase (Butcher & Sutherland, 1962) 
inhibited only the head twitching induced by 5-HTP. 


Modification by drugs of withdrawal head twitching 


Two inhibitors of protein biosynthesis were tested for 


their effect on the induction of ethanol withdrawal head 
twitching. Neither actinomycin D (50 g/kg) nor cyclo- 
heximide (40 mg/kg), injected intraperitoneally 1h 
before each daily dose of ethanol, significantly changed 
the incidence of head twitches, 24h after ethanol 
withdrawal. 


Drugs affecting 5-hydroxytryptamine mechanisms. 
With two exceptions, drugs tested for ability to modify 
the expression of withdrawal head twitching were 
given after the last dose of ethanol. When given during 
the induction of ethanol dependence, the inhibitors of 
5-HT biosynthesis, PCPA and PCA, significantly 
reduced the incidence of head twitches after ethanol 
withdrawal, PCA being roughly 40 times more potent 
than PCPA (Table 2). Because, in this instance, the 
effect might have resulted from an inhibition of the 
induction of ethanol dependence, three specific 
antagonists of 5-HT were tested, by giving each in a 
single dose 23 h after the last dose of ethanol. All these 
antagonists reduced the incidence of withdrawal head 
twitching, whereas 5-HTP increased its incidence 
(Table 2). 


Table 3 Modification of the incldence of ethanol withdrawal head twitches by drugs affecting catecholamine 


mechanisms 


Effect sought Modifying drug 
Increase of L-DOPA oral 
brain dopamine 
Dopamine i.c.v. 
iV. 
Stlmulation of Apomorphine oral 
dopamine receptor 
Increase of Noradrenaline Lev. 
brain noradrenaline 
jV. 
Amphetamine 8.0. 
Inhibition of AMPT oral 
catecholamine 
biosynthesis 


Route 


Dose Incidence ratio 
2x 50 mg 1.06 
2x 200 mg 0.51t 
2 x 800 mg 0.647 
50 ug 0.31* 
150 ug 0.04 
1000 ug 0.84 
1 mg 0.47* 
5 mg 0.66* 
2.5 ug 0.27t 
5 ug 0.25t 
10 ug 0.114 
10 ug 1.23 
5 mg 0.58* 
10 mg 0.23¢ 
20 mg 0.00f 
300 mg 2.00T 


L-DOPA was given In two doses, one at 18h and one at 1 h before counting head twitches. Dopamine and 
noradrenaline were given 35 min before counting. Other drugs were given 1h before counting. Oral and 
subcutaneous (s,c.) doses are In mg/kg; intracerebroventricular (I.c.v.) and Intravenous (i.v.) doses in pg/mouse. 


Other detalis as In Tables 1 and 2. 
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Drugs affecting catecholamine mechanisms. 
Dopamine or noradrenaline inhibited ethanol 
withdrawal head twitching. Whereas a single intra- 
cerebroventricular injection of either catecholamine 
was highly effective, intravenous injection was not 
(Table 3). L-DOPA was, however, effective when 
given in two oral doses after ethanol withdrawal. 
Other drugs that had sympathomimetic activity, such 
as apomorphine and amphetamine, also lessened 


withdrawal head twitching; whereas AMPT, which, 


inhibits endogenous biosynthesis of dopamine and 
noradrenaline (Spector, Sjoerdsma & Udenfriend, 
1965), increased it. 


Drugs affecting acetylcholine mechanisms. By the 
intracerebroventricular route, acetylcholine or 
carbachol increased the incidence of ethanol 
withdrawal head twitching whereas nicotine reduced it 
(Table 4). By the intraperitoneal route, physostigmine 


neuronal cyclic AMP, which probably inhibits head 
twitching, as well as cyclic GMP, which probably 
intensifies it. To investigate why theophylline and 
IBMX increased head twitching, we tested the effect of 
intracerebroventricular injections, at a dose of 
50 ug/mouse, of mixtures of db cyclic AMP and db 
cyclic GMP, 20 min before intraperitoneal injection of 
5-HTP (400 mg/kg). Compared with saline, a mixture 
of 25 ug db cyclic AMP and 25 ug db cyclic GMP 
increased the incidence ratio due to 5-HTP to 2.34 
(P < 0.05). Even as little as 5 ug db cyclic GMP in the 
mixture increased this ratio to 1.69. Hence an increase 
of cyclic GMP would outweigh an increase of cyclic 
AMP in their effects on head twitching. 


Discussion 


hag increased head twitching and hyoscine lessened its Three findings argue that the large increase of head 

incidence. twitching that occurs after withdrawal of ethanol, 

given subchronically to mice, is an abstinence sign. 

Cyclic nucleotides. By the intracerebroventricular First, increased head twitching was not seen at any 

route, db cyclic AMP lessened considerably the time after a single intragastric dose of 4 g/kg ethanol; 

incidence of withdrawal head twitches, whereas db but it was seen after this dose had been repeated on 

cyclic GMP increased their incidence (Table 5). After three successive days. Second, after withdrawal of 

db cyclic AMP, mice were slightly sedated. ATP and ethanol, head twitching increases as the blood and 

GTP given intraperitoneally, affected the incidence of brain concentrations of ethanol fall and it reaches a 

twitches in the same direction as did the dibutyryl salts peak when ethanol can no longer be detected. Third, 

of the corresponding cyclic nucleotides. The increased head twitching is suppressed by giving a 
phosphodiesterase inhibitors, theophylline and IBMX, large dose of ethanol. 

increased withdrawal head twitching; but imidazole Several findings suggest that the increased head 

was inactive (Table 5). Prostaglandins E, and E,, twitching elicited by ethanol withdrawal, 5-HTP and 

which increase brain cyclic AMP, also lessened head AMPT arises centrally. Thus, twitching elicited by 

twitching but prostaglandin F24, which has little effect these treatments was intensified by db cyclic GMP 

on brain cyclic AMP, was inactive. and inhibited by noradrenaline or db cyclic AMP, 

al If theophylline and IBMX acted by inhibiting injected by the intracerebroventricular route (Table 1). 


phosphodiesterase, they would be expected to increase 


Again, ethanol withdrawal head twitching, although 


Table 4 Modification of the incidence of ethanol withdrawal head twitches by drugs affecting acetylcholine 
(ACh) mechanisms 


Effect sought Modifying drug Route Dose Incidence ratio 
increase of Acetyicholina Lev. 10 pg 1.56* 
brain ACh * Physostigmine Ip. 0.02 mg 1:63" 
Simulation Carbachol i... 1 pg 1.81* 
of ACh Nicotine 1.C.V. 0.125 ug 0.22 

0.5 ug 0.20* 

1 ug 0.00t 
Specific antagonism Hyoscine i.p. 2 mg 0.33* 


of ACh 





Acetylcholine, carbachol and nicotine were given 35 min and physostigmine and hyoscine 1 h before counting 
head twitches began. Intraperitoneal (I.p.) doses are In mg/kg; Intracerebroventricular (l.c.v.) doses in 
u.g/mouse. Other details as In Tables 1 and 2. 
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inhibited by intracerebroventricular dopamine or 
noradrenaline, was not inhibited by larger intra- 
venous doses of either drug (Table 3). It was, 
moreover, intensified by intracerebroventricular 
acetylcholine or carbachol, but lessened by 
intracerebroventricular nicotine (Table 4). Yet again, 
5-HT elicits head twitching when injected by the 
intracerebroventricular route (Mawson & 
Whittington, 1970). 

Tables 2—5 give the effects sought by administering 
modifying drugs to mice dependent on ethanol. It is 
not contended that these are the only effects of the 
drugs given, but there is good evidence in the literature 
that they are the outstanding effects. The internal 
consistency of the results obtained with drugs 
modifying each mechanism in different ways supports 
the validity of this approach. 

A seeming exception is nicotine, which lessens head 
twitching, whereas acetylcholine, physostigmine and 
carbachol increase it. This exception is, however, 
consistent with the findings that stimulation of nicotine 
receptors in rat adrenal medulla increases cyclic AMP 
formation (Guidotti & Costa, 1974) and that 
stimulation of muscarinic but not nicotinic receptors 


in chick cerebral hemispheres increases the level of 
cyclic GMP (Nahorski, Pratt & Rogers, 1976). 

The main aim of this work was to elucidate the 
biochemical mechanism of ethanol dependence by 
studying the effect on an abstinence sign of drugs 
modifying brain amine and/or cyclic nucleotide 
mechanisms. The results are unexpectedly clear-cut. 
On the one hand, drugs that probably increase the 
level or activity of 5-HT, acetylcholine or cyclic GMP 
intensify head twitching, and drugs that probably 
decrease any of these inhibit head twitching. On the 
other hand, drugs that probably increase the level or 
activity of dopamine, noradrenaline or cyclic AMP 
inhibit head twitching and drugs that probably 
decrease any of these intensify it. Hence it may be 
supposed that head twitching arises from a change in 
favour of cyclic GMP of the balance between this 
nucleotide and cyclic AMP, resulting from a change in 
the balance of neurohumoral mediators, particularly 
against dopamine and/or noradrenaline. 

There is evidence from the experiments of Carlsson 
and colleagues with AMPT (Carlsson, Engel & 
Svensson, 1972; Ahlenius, Carlsson, Engel, Svensson 
& Sodersten, 1973; Engel, Strömbom, Svensson & 


Table & Modification of the incidence of ethanol withdrawal head twitches by drugs related to cyclic 


nucleotides 
Effect sought Modifying drug 
Increase of db cyclic AMP i.C.V. 
brain cyclic AMP 

ATP ip. 
Stimulation of Prostaglandin E, §.C. 
adenylate cyclase 

Prostaglandin E, 8.C. 

Prostaglandin Fz, &.C. 
Increase of db cyclic GMP Lov 
brain cycllc GMP 

GTP ip. 
Inhibltion of Theophylline oral 
phosphodiesterase§ 

IBMX oral 
Stimulation of Imidazole oral 


phosphodiesterase 


Route 


Dose Incidence ratio 
50 ug 0.95 
100 ug 0.10t 

50 mg 0.36t 
0.125 mg 0.38 
0.5 mg 0.214 
2 mg 0.03¢ 
0.6 mg 0.41* 
2 mg 0.86 

50 ug 2.28t 

20 mg 2.07t 

100 mg 2.60t 
10 mg 2.11t 
100 mg 1.15 


Dibutyryl cyclic AMP (db cyclic AMP} and dibutyryl cyclic 3',5'-guanosine monophosphate (db cyclic GMP) 
were given 35 min before counting head twitches began. ATP and guanosine triphosphate (GTP) were given 
19 h before counting. The remaining drugs were given 1 h before counting. Other detalis as in Tables 1 and 2. 
& Beavo, Rogers, Crofford, Hardman, Sutherland & Newman, 1970. 
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Waldeck, 1974) that ethanol produces euphoria and 
other effects by stimulating appropriate brain 
neurones responding to catecholamines. There is also 
evidence from our experiments and from those of 
Goldstein (1973), Blum & Wallace (1974) and 
Griffiths, Littleton & Ortiz (1974) that abstinence 
effects are associated with a relative lowering of the 
amount or activity of catecholamines in the brain 
during ethanol withdrawal. The steps by which 
continued treatment with ethanol produces a state of 
dependence may be surmised on the basis of published 
evidence to be as follows. First, ethanol liberates 
catecholamines in the brain, thus stimulating neurones 
concerned with its pharmacological effects and 
increasing catecholamine turnover (Thadani & Truitt, 
1973; Hunt & Majchrowicz, 1974; Pohorecky, 1974). 
Second, probably as a result of this effect, there is a 
slow increase of dopamine and noradrenaline concen- 
trations in the brain during continued treatment with 
ethanol, followed by a rapid decline after its 
withdrawal (Griffiths et al., 1974). Third, an increase 
in catecholamine concentration at the specific 
receptors causes a decrease in the number of these 
receptors, as observed in other situations (Mukherjee, 
Caron & Lefkowitz, 1975; Mickey, Tate & Lefkowitz, 
1975; Kebabian, Zatz, Romero & Axelrod, 1975). 
Fourth, such a decrease in receptor numbers leads to 


References 


AHLENIUS, S., CARLSSON, A., ENGEL, J., SVENSSON, T. & 
SODERSTEN, P. (1973). Antagonism by alpha methyl- 
tyrosine of the ethanol-induced stimulation and euphoria 
in man. Clin. Pharmac. Ther., 14, 586—591. 

BEAVO, J.A., ROGERS, N.L., CROFFORD, C.B., HARDMAN, 
J.G., SUTHERLAND, E.W. & NEWMAN, E.V. (1970). 
Effects of xanthine derivatives on lipolysis and on 
adenosine 3’,5’-monophosphate phosphodiesterase 
activity. Molec. Pharmac., 6, 597—603. 

BLUM, J. & WALLACE, J.E. (1974). Effects of catecholamine 
synthesis inhibition on ethanol-induced withdrawal 
symptoms in mice. Br. J. Pharmac., 51, 109-111. 

BUTCHER, R.W. & SUTHERLAND, E.W. (1962). Adenosine 
3’,5'-phosphate in biological materials. J. biol. Chem., 
237, 1244-1250. 

CARLSSON, A., ENGEL, J. & SVENSSON, T. (1972). 
Inhibition of ethanol-induced excitation in mice and rats 
by a-methyl-p-tyrosine. Psychopharmacologia (Berl.), 
26, 307—312. 

COLLIER, H.O.J. (1966). Tolerance, physical dependence 
and receptors. Adr. Drug Res., 3, 171—188. 

COLLIER, H.OJ.,. HAMMOND, M.D. & SCHNEIDER, C. 
(1974). Biogenic amines and head twitches in mice 
during ethanol withdrawal. Br. J. Pharmac., 51, 
310—311. 

COLLIER, H.OJ., HAMMOND, M.D. & SCHNEIDER, C. 
(1976). Neuro-humoral transmitters, cyclic nucleotides 
and experimental dependence on ethanol in the mouse. 
Symposium Franco-Britannique sur Palcoolisme. Les 
Colloques de lInstitut National de la Santé et de la 
Recherche Médicale, Paris, 54, 161—164. 

COLLIER, H.O.J. & ROY, A.C. (1974). Morphine-like drugs 


2 


subsensitivity towards catecholamines in the 
stimulation of neuronal cyclic AMP formation, as 
observed in slices of the cerebral cortex of the rat 
chronically treated with ethanol (French, Palmer, 
Narod, Reid & Ramey, 1975). Fifth, on withdrawal of 
ethanol, a shortage of catecholamines and/or a sub- 
sensitivity towards them produces the imbalance that 
leads to abstinence effects, as described above. This 
conjectural mechanism of dependence, based on the 
development of subsensitivity to a neurohumoral 
transmitter through a drug-induced change in receptor 
number, conforms with the hypothesis proposed some 
years ago (Collier, 1966). A comparable mechanism 
involving supersensitivity to 5-HT could be envisaged. 
The earlier steps in this mechanism would also give rise 
to tolerance. 

The evidence of our experiments and that in the 
literature summarized above suggests that L-DOPA 
may be useful in the clinical management of 
alcoholism. It is possible, too, that specific antagonists 
of 5-HT might also be useful in this condition. 


The authors wish to thank Dr A.F. Green of the Wellcome 
Research Laboratories for the gift of methergoline used in 
this study. We are also grateful to Mr N.J. Cuthbert, Miss J. 
Czogala and Miss E.A. Wilson for their help in observing 
drug effects and to Mr L.C. Dinneen for statistical advice. 


inhibit the stimulation by E prostaglandins of cyclic 
AMP formation by rat brain homogenate. Nature, 
Lond., 248, 24—27. 

CORNE, 5J., PICKERING, R.W. & WARNER, B.T. (1963). A 
method for assessing the effects of drugs on the central 
actions of 5-hydroxytryptamine. Br. J. Pharmac., 20, 
106—120. 

DALY, J.W. (1975). Cyclic adenosine 3’,5’-monophosphate 
role in the physiology and pharmacology of the central 
nervous system. Biochem. Pharmac., 24, 159—164. 

ENGEL, J., STROMBOM, U., SVENSSON, T.H. & WALDECK, 
B. (1974). Suppression by a-methyl-tyrosine of the 
ethanol-induced locomotor stimulation: partial reversal 
by L-DOPA. Psychopharmacologia (Berl), 37, 
275—279. 

FERRENDELLI, J.A., STEINER, A.L., McDOUGAL, D.B. & 
KIPNIS, D.N. (1970). The effect of oxotremorine and 
atropine on cGMP and cAMP levels in mouse cerebral 
cortex and cerebellum. Biochem. Biophys. Res. Comm., 
41, 1061—1067. 

FRENCH, S.W., PALMER, D.S., NAROD, M.E., REID, P.E. & 
RAMEY, C.W. (1975). Noradrenergic sensitivity of the 
cerebral cortex after chronic ethanol ingestion and 
withdrawal. J. Pharmac. exp. Ther., 194, 319—326. 

GOLDSTEIN, D.B. (1973). Alcohol withdrawal reactions in 
mice: effects of drugs that modify neurotransmission. J. 
Pharmac. exp. Ther., 186, 1—9. 

GRIFFITHS, PJ., LITTLETON, J.M. & ORTIZ, A. (1974). 
Changes in monoamine concentrations in mouse brain 
associated with ethanol dependence and withdrawal. Br. 
J. Pharmac., 50, 489—498. ; 

GUIDOTTI, A. & COSTA, E. (1974). A role for nicotinic 


16 H.O.J. COLLIER, M.D. HAMMOND & C. SCHNEIDER 


receptors in the regulation of the adenylate cyclase of 
adrenal medulla. J. Pharmac. exp. Ther., 189, 665—675. 

GULLIS, R., TRABER, J. & HAMPRECHT, B. (1975). 
Morphine elevates levels of cyclic GMP in a 
neuroblastoma x glioma hybrid cell line. Nature, Lond., 
256, 57—59. 

HALEY, TJ. & McCORMICK, W.G. (1957). Pharmacological 
effects produced by intracerebral injection of drugs in the 
conscious mouse. Br. J. Pharmac. Chemother., 12, 
12-15. 

HAMMOND, M.D. (1975a). The use of an internal standard 
in the determination of ethanol in blood, brain and 
vapour. Br. J. Addict., 70, 162—164. 

HAMMOND, M.D. (1975b). Pharmacological and 
Behavioural Investigation of Models of Alcoholism in 
Rodents. Ph.D. thesis, Chelsea College, University of 
London. 

HAMMOND, M.D. & SCHNEIDER, C. (1973). Behavioural 
changes induced in mice folowing termination of ethanol 
administration. Br. J. Pharmac., 47, 667P. 

HAMMOND, M.D. & SCHNEIDER, C. (1974). Cyclic 
nucleotides and ethanol withdrawal head twitches in 
mice. Br. J. Pharmac., 52, 138P. 

HONG, E. (1973). On the antiserotonin activity of 6- 
acetamido-3{3H-4-pheny!l-1-piperazinyl}propyl) 2, 8, 4 
(1h, 2h)-quinazolinedione maleate (MA 1420). Arzneim. 

Forsch., 23, 1726—1728. 

HUNT, W.A, & MAJCHROWICZ, E. (1974). Alterations in 
the turnover of brain norepinephrine and dopamine in 
ethanol dependent rats. J. Neurochem., 23, 549-552. 

KEBABIAN, J.W. ZATZ, M., ROMERO, J.A. & AXELROD, J, 
(1975). Rapid changes in rat pineal -adrenergic 
receptor: alterations in *H-(1}alprenolol binding and 
adenylate cyclase. Proc. Nat. Acad. Sci. U.S.A., 72, 
3735—3739. 

MAWSON, C. & WHITTINGTON, H. (1970). Evaluation of 
the peripheral and central antagonist activity against 5- 
hydroxytryptamine of some new agents. Br. J. Pharmac., 
39, 223P. 


MICKEY, J., TATE, R & LEFKOWITZ, RJ. (1975). 
Subsensitivity of adenylate cyclase and decreased f- 
adrenergic receptor binding after chronic exposure to (-}- 
Isoproterenol in vitro. J. biol. Chem. 250, 5727—5729. 

MUKERJEE, C., CARON, M.G. & LEFKOWITZ, RJ. (1975). 
Catecholamine-induced subsensitivity of adenylate 
cyclase associated with loss of B-adrenergic receptor 
binding sites. Proc. Nat. Acad. Sci. U.S.A., 12, 
1945--1949. 

NAHORSK], S.R., PRATT, C.N.F.W. & ROGERS, K.J. (1976). 
Increased cerebral cyclic GMP concentration induced by 
muscarinic cholinergic agonists and prostaglandin F,,. 
Br. J. Pharmac., (in press). 

POHORECKY, L.A. (1974). Effect of ethanol on central and 
peripheral noradrenergic neurones. J. Pharmac. exp. 
Ther., 189, 380—391. 

SIEGEL, S. (1956). Nonparametric statisties for the 
behavioural sciences. pp. 116—127. New York: 
McGraw-Hill. 

SPECTOR, $., SJOERDSMA, A. & UDENFRIEND, S. (1965). 
Blockade of endogenous norepinephrine synthesis by a- 
methyltyrosine, an inhibitor of tyrosine hydroxylase. J. 
Pharmac. exp. Ther., 147, 86—95. 

THADANI, P.V. & TRUITT, E.G.L. (1973). Norepinephrine 
turnover effects of ethanol and acetaldehyde in rat brain. 
Fedn. Proc., 32, 697. 

WEISS, B. & COSTA, E. (1968). Selective stimulation of 
adenyl cyclase of rat pineal gland by pharmacologically 
active catecholamines. J. Pharmac. exp. Ther., 161, 
316—319. 

WELLMAN, W. & SCHWABE, U. (1973). Effects of 
prostaglandins E,, E, and F,, on cyclic AMP levels in 
brain in vivo. Brain Res., §9, 371-378. 


(Received June 2, 1975. 
Revised April 15, 1976.) 


a 


Br. J. Pharmac. (1976), 58, 17—25 


FURTHER STUDIES ON THE MODE 


OF ACTION OF ISOPRENALINE ON 


GASTRIC SECRETION IN THE CONSCIOUS RAT 


L. LUNDELL & S.E. SVENSSON 


Department of Phystology, University of Lund, Lund, Sweden 


G. NILSSON 


Department of Pharmacology, Karolinska Institutet, Stockholm, Sweden 


1 The effect of isoprenaline on gastric secretion evoked by various means has been studied in 
conscious rats provided with Pavlov and Heidenhain pouches. 

2 Interdigestive acid secretion in the Pavlov pouch was reduced by isoprenaline, whereas pepsin 
secretion was unaltered. 

3 Central vagal stimulation effected by 2-deoxy-D-glucose injection evoked a gastric secretory 
response that was substantially reduced by isoprenaline. 

4 2-Deoxy-D-glucose increased the mobilization of gastric mucosal histamine, an effect that was 
prevented by isoprenaline. 

5 Isoprenaline infusion alone induced a slight increase in histamine mobilization and also a 


considerable elevation of immunoreactive serum gastrin concentration. 
6 The secretory response to food in the Pavlov pouch was almost abolished by isoprenaline. 
7 Although the acid response to histamine in the Heidenhain pouch was susceptible to isoprenaline 


inhibition, that to methacholine was not. 


8 Pepsin secretion in the Heidenhain pouch preparation stimulated by histamine or methacholine 


seemed to be enhanced by isoprenaline. 


Introduction 


In the rat, mobilization of gastric mucosal histamine 
may be closely related to the excitation of the parietal 
cell. Gastrin mobilizes histamine in a dose-dependent 
way from cells in close proximity to the parietal cells, 
in amounts sufficient to stimulate hydrochloric acid 
secretion (Kahlson, Rosengren, Svahn & Thunberg, 
1964; Johansson, Lundell, Rosengren & Svensson, 
1972; Lundell, 1974a, b). Consequently, the mode of 
action of gastrin in stimulating HC! secretion has been 
suggested to be by means of histamine mobilization. 
This suggestion has been further strengthened by the 
results obtained with histamine H,-receptor 
antagonists on gastrin-induced secretion (Black, 
Duncan, Emmett, Ganellin, Hesselbo, Parsons & 
Wyllie, 1973; Lundell, 1973; 1975a). 

It has recently been demonstrated in this laboratory 
that isoprenaline inhibits pentagastrin-induced acid 
secretion in the rat and also restrains the increase in 
mucosal histamine mobilization, otherwise seen on 
pentagastrin infusion (Lundell & Svensson, 1974), 
These effects of isoprenaline were almost completely 
prevented by propranolol, indicating involvement of a 
B-adrenoceptor. 

In the present study, the effect of isoprenaline was 


investigated on vagally-induced gastric secretion and 
histamine mobilization. Although vagus nerve 
stimulation is followed by both an increased 
mobilization of the amine and a direct activation of the 
parietal cells, the role of mobilized histamine for the 
resulting secretory response is far from settled 
(Rosengren & Svensson, 1969; Hakanson & Liedberg, 
1970; Johansson et al., 1972; Lundell, 1974b; 1975a). 
Furthermore, the effect of isoprenaline was studied on 
histamine and methacholine-induced gastric secretion, 
since these agents are considered to excite acid 
secretion without alterations in the mobilization of 
mucosal histamine. In order to obtain further 
information on the mode of action of isoprenaline, the 
serum concentrations of gastrin and glucose were 
determined in some relevant conditions. 


Methods 


Determination of gastric secretion 


Female rats of the Sprague-Dawley strain, weighing 
about 250 g, and fed on a standard pellet diet, were 
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used. All operations were done under ether 
anaesthesia. The rats were provided with Heidenhain 
(vagally denervated) pouches in the main according to 
Alphin & Lin (1959) or Pavlov Gnnervated) pouches 
as described by Svensson (1970). At least one month 
was allowed for postoperative recovery. Rats were 
fasted for 18h before experiments except when the 
secretory response to food was studied when the 
fasting period was 24 hours. During the experiments 
the rats were kept unanaesthetized in Bollman cages. 
Gastric juice was collected in 30 min samples by the 
use of a perfusion technique (Svensson, 1970) and the 
amount of HCI secreted was determined by titration 
against 0.1 M NaOH with phenol red as an indicator. 
The pepsin output was measured by a modification of 
the method of Hunt (1948). The amount of HC! is 
expressed inpEq/30min and pepsin output in 
ug/30 min, with the corresponding activity of a 
commercial crystalline preparation of pepsin (Lot 95B 
— 1270, Sigma Chemical Co) used as a standard as 
proposed by Bitsch (1966). Throughout an 
experiment, a constant infusion of 0.9% w/v NaCl 
solution (saline), into a catheter inserted in a tail or 
neck vein, was maintained by a motor-driven syringe. 
After interdigestive secretion had been collected for 
1—2 h, drugs were added to the infusate. In the feeding 
experiments, food was allowed for 30 min, when the 
rats consumed 2—3g of the standard pellet diet. 
Isoprenaline infusion did not apparently influence the 
amount of food ingested. 

The following drugs were used: methacholine 
chloride (Fluka AG), 2-deoxy-D-glucose (Sigma 
Chemical Co), (+)-isoprenaline sulphate, (+)- 
propranolol hydrochloride (Inderal, ICI) and 
histamine dihydrochloride (E. Merck AG — 
Darmstadt). The doses of all agents are expressed in 
terms of the salt, except for histamine which is given in 
terms of the base. 


Determinations of content and formation of mucosal 
histamine 


Observations were made on intact rats fasted for 18 h 
and injected intravenously with 2-deoxy-p- 
glucose alone or in combination with either iso- 
prenaline or isoprenaline plus propranolol. The effect 
of isoprenaline infusion alone was also studied. The 
animals were killed by a blow on the head and ex- 
sanguinated. The stomach was opened along the lesser 
curvature, washed with saline, pinned flat and blotted 
with gauze; the oxyntic gland area was removed by 
scraping with a scalpel. After mincing, the mucosa 
from one stomach was divided in two portions, one of 
which was used for determinations of histamine 
content, the other for formation. Histamine content 
was determined by a modification of the method of 
Feldberg & Talesnik (1953) as described in detail by 
” Lundell (1974a). 


The rate of histamine formation, i.e. histidine 
decarboxylase activity, was determined by a method 
devised by Kobayashi (1963), as adapted for use in 
this laboratory (Henningsson, Lundell & Rosengren, 
1974). The minced mucosa was incubated for 3h at 
37°C under N, in beakers containing 100 mg tissue, 
40 pg [!4C-carboxyl]-L-histidine (sp. act. 
104.9 Ci/mmol), 1mM disodium edetate (EDTA), 
0.5 mM glutathione, 10M _ pyridoxal-5-phosphate, 
0.1M sodium phosphate buffer pH 7.4 and 0.2% w/v 
glucose, the total volume made up to 3 ml. In the 
blanks 10mM  semicarbazide was added. The 
incubation was stopped by gentle tipping of 1 ml 2 M 
citric acid from a side arm into the incubation mixture. 
Adequate CO, trapping into the Hyamine 10—x 
(0.1 mmol) on the filter paper, placed within the 
incubation vessel, was achieved by continuing 
mechanical shaking for another 45 minutes. The filter 
paper was placed in a counting vessel containing 
10m] of Bray (1960) scintillation solution and 
counted in a liquid scintillation spectrometer. 


Determinations of serum gastrin 


Serum gastrin was determined in intact rats fasted for 
18 hours. A polyethylene tube was inserted in a tail 
vein for administration of isoprenaline alone or 
combined with propranolol. For collection of blood, 
another polyethylene tube was inserted in the external 
jugular vein and the tip was passed into the superior 
caval vein. These procedures required ether 
anaesthesia for about 10 min, after which a period of 
at least 3h was allowed for recovery. The tube for 
collection of blood was kept patent by intermittent 
flushing with a heparin solution (10 iu/ml). During the 
experiment, blood was drawn at 30 min intervals 
(usually 0.5 ml). After centrifugation, serum was 
decanted and stored at 20°C until analysis. The im- 
munoreactive gastrin concentration was determined 
by a specific radioimmunoassay (Nilsson, 1975), The 
antiserum employed in the present study (2604-8; 
Rehfeld, Stadil & Vikelsge, 1974) was used in a final 
dilution of 1:120,000. Mono-iodinated 1*1 synthetic 
human gastrin I was employed as tracer. To elevate 
the extent to which the assay measured the amount of 
the hormone in the actual species, rat serum was 
diluted and tested over a 10-fold range of concentra- 
tion. The immunoreactive rat gastrin could not be dis- 
tinguished from the porcine gastrin I standard. 
However, since rat gastrin was not used as a reference 
standard, the values relate to porcine gastrin I 
standard. 


Determinations of serum glucose 
Blood was drawn from an external jugular vein at 


30 min intervals. Saline and isoprenaline were infused 
into a tail vein. Serum was decanted and glucose con- 
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Figure 1 


Effect of Isoprenaline Infusion (40 ug kg~' h-’) on interdigestive secretion (@) of (a) acid and (b) 


pepsin. Each polnt represents the mean of one determination In each of six Pavlov pouch rats. The vertical lInes 


show s.e. mean. (OC) = Control values. 
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Figure 2 Effect of combined intravenous 
administration of Isoprenaline (40 ug kg’ h-t) and 
propranolol (2 mg/kg) on interdigestive acid secretion 
(@). Propranolol was given as Indicated by the arrows. 
Each point represents the mean of one determination 
In each of six Pavlov pouch rats. The vertical lines show 
s.a. mean. ʻO) = Control values. 


centration determined by the  glucose-oxidase 
technique. 

P-values were obtained by using Student’s ¢-test for 
paired or unpaired values. 


Results 


The effect of isoprenaline on interdigestive secretion 


Interdigestive acid and pepsin secretion (i.e. during 
saline infusion) were investigated in six Pavlov pouch 


rats for 4 hours. Interdigestive secretion of acid was 
about 25pEq/30 min and that of pepsin about 
220 pg/30 minutes. After 1h of isoprenaline infusion 
(40 ug kg—! h?) acid secretion was reduced to a value 
of about 30% of the control level whereas the pepsin 
output was unaltered (Figurela and b) The 
pronounced effect os the -adrenoceptor agonist on 
interdigestive acid secretion was completely abolished 
by propranolol (2 mg/kg) (Figure 2). 


Inhibition by tsoprenaline of the secretory response to 
2-deoxy-D-glucose 


Central vagal excitation effected by 2-deoxy-p- 
glucose injection (100 mg/kg) was followed by a rapid 
increase in acid secretion with a peak of 83.3 + 25.80 
{s.e. mean) pEq/30 min after 60min (Figure 3a). 
Isoprenaline infusion (40 ug kgh) substantially 
reduced the response to 2-deoxy-D-glucose, attaining a 
value of 34.7+11.32 pEg/30 min after 60 minutes. 
This reduction is highly significant (P<0.01). 
Propranolol completely antagonized the effect of 
isoprenaline. 

Pepsin secretion in response to 2-deoxy-D-glucose 
rose rapidly to a peak of 654+ 80.9 2/30 min after 
60 min after which the secretory rate diminished 
(Figure 3b). Isoprenaline reduced the peak response to 
a value about 55% less than with 2-deoxy-D-glucose 
alone. Propranolol also blocked this inhibitory effect 
of isoprenaline (Figure 3b). In another series of 
experiments, isoprenaline infusion (40 pg kg~' h-t) 
started 1h before injection of 2-deoxy-D-glucose 
(100 mg/kg). The effect of isoprenaline was the same 
as described above. A background infusion of 
histamine (1000 ug/h), which started 30 min before 2- 
deoxy-D-glucose injection did not significantly 
diminish the inhibitory effect of isoprenaline. 


20 L LUNDELL, G. NILSSON & S.E. SVENSSON 


i Isopranaline 40g kd h! ] Í lsoprenaline 40 pg kgh! | 
a $ } } y 


100r Propranolol 2mg kg” 


pang aa fay a 
= 80 100mg kg VN 


Total acid (Eq 30min™!) 











e 
" Isoprenaline 40g kg h”! 
7 } { } 
Propranolol 2mg kg! 
è 
\ 
f Isoprenaline 40 pg kg tH? | 
Food 
4 
b 
500 
T We 
Cc 
D 
= 
c 300 
a 
30 60 90 120 160 180 210 240 270 300330360 E 
Time (min) 
20 
Figure3 (a) The acid and (b) pepsin secretory 
effects of 2-deoxy-D-glucose (100 mg/kg) Injection 5 a ee ae eer EE ee Oe TA Oe ee ee ee 
alone (O) or combined with Isoprenaline 30 60 90 20 150 180 210 240 270 300 330380 
{40 ug kg™' h7") (@). Included is the effect of 2~deoxy- Time (min) 
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represents the mean of one determination in each of 
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Figure 6 Serum gastrin level (pg mi} during 
lsoprenaline infusion (40 ug kg- h-t) alone (O) or 
combined with propranolol (2 mg kg™') injection (@). 
Propranolol was injected as Indicated by the arrows. 
Each point represents the mean of one determination 
In each of six rats. The vertical lines show s.e. mean. 


Tsoprenaline inhibition of the feeding response 


Isoprenaline infusion almost abolished the response to 
feeding in six Pavlov pouch rats and only an initial 
response of about 50 yEq/30 min was recorded 
(Figure 4a). Feeding induced a pepsin secretory 
response that lasted only for 30 minutes. During iso- 
prenaline infusion, a small initial pepsin response was 
noted, after which the response was significantly lower 
than in the controls (P < 0.01) (Figure 4b). 


Inhibition of the mobilization of mucosal histamine by 
isoprenaline 


Histamine mobilization was estimated by concomitant 
determination of mucosal histamine content and 
formation. 2-Deoxy-D-glucose (100 mg/kg) reduced 
histamine content from 83.8 + 7.10 to 57.4 + 3.58 ug/g 
and increased the rate of formation from 6.6 + 1.00 to 
17.7 + 1.37 pg g~ 3 h~. During isoprenaline infusion, 
vagal stimulation induced only a slight increase in 
histamine formation to 9.0+ 1.41 ug g7! 3 h-! and no 


Table 1 
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A 

e 
effect was noted on histamine content. Propranolol 
reversed the inhibitory effect of isoprenaline on 2- 
deoxy-D-glucose-induced histamine mobilization 
(Table 1). It should be noted that isoprenaline alone 
increased the rate of histamine formation and slightly 
reduced histamine content (Table 1). 


Isoprenaline-induced alterations in serum oat and 
glucose 


Isoprenaline infusion (40g kg~'h-') induced a 
progressive increase in immunoreactive serum gastrin 
concentration from about 60 pg/ml in the fasting state 
to 130.8+17.95 pg/ml after 2.5h of infusion. 
Propranolol (2 mg/kg) administered at hourly 
intervals prevented the increase (Figure 5). The serum 
concentration of glucose in the fasting state was about 
80 mg/100 ml and increased on isoprenaline infusion 
to a peak value of 115.1+ 10.25 mg/100 ml after 60 
minutes. On prolonged isoprenaline infusion, serum 
glucose concentration returned to control levels. 


The effect of isoprenaline on histamine-induced 
secretion 


The effect of isoprenaline (20 pgkg-'h-') on 
histamine-induced (1000 g/h) gastric secretion was 
investigated in rats provided with Heidenhain pouches. 
This dose of isoprenaline was chosen since it 
effectively reduced the acid secretory response to 
pentagastrin (Lundell & Svensson, 1974). In six rats, 
isoprenaline given 30min before and maintained 
during histamine infusion, inhibited acid secretion by 
about 40% (Figure 6a). In contrast, the stimulatory 
effect of histamine on pepsin secreting cells was 
slightly augmented by isoprenaline (Figure 6b). 

In another group of six Heidenhain pouch rats, the 
effect of isoprenaline was studied on a plateau 
secretion induced by histamine. Histamine infusion 
failed to elicit a stable plateau secretion, instead the 
secretory response faded with time of infusion. 
Isoprenaline (20pgkg~'h-') reduced the acid 
response, a reduction that reached statistical 
significance 1 and 1.5h after the start of isoprenaline 


Histamine formation (ug g7? 3 h~?) and content (yg g™') 2 h after Intravenous injection of 2-deoxy- D- 


glucose (2DG, 100 mg/kg) alone and in combination with lsoprenaline (lso, 40 ug kg™' h7?) or isoprenaline plus 


propranolol (Prop, 2 mg/kg) 


2DG+I/so 
Controls 2DG 2DG + Iso + Prop Iso 
Histmine formation 6.6 + 71.00 17.7+1.37 9.0+ 1.41 17.3 +1.82 9.4+ 2.90 
Histamine content 83.8 +7.10 57.4 +3,58 90.0 + 13.40 58.3 +7.03 75.2+11.46 


lsoprenaline infusion started 30 min before the injection of 2-deoxy-D-glucose. Propranolol was injected 
10 min before the start of Isoprenaline Infusion and the injection was repeated at hourly Intervals. The controls 
were given sallne only. The mean and s.e. mean are calculated from determinations on six rats In each group. 
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(a) Acid and (b) pepsin secretion in response to histamine infusion (1000 pg h-t) alone {O} or 


combined with isoprenaline (20 ug kg-' h~*) (@). Each point represents the mean of one determination in each 
of six Heidenhain pouch rats. The vertical lines show s.e. mean. 


infusion (P < 0.05) (Figure 7). Propranolol blocked the 
effect of isoprenaline (Figure 7), but the f-receptor 
antagonist did not influence the acid secretory 
response to histamine alone, 

The stimulant effect of histamine on pepsin 
secretion was slight on prolonged infusion. Neither 
isoprenaline nor propranolol affected the pepsin 
secretory response. 


The effect of isoprenaline on methacholine-induced 
secretion 


The secretory response to methacholine alone (1 pg/h) 
or in combination with isoprenaline (20 ug kg-t! ht) 
was studied in six Heidenhain pouch rats. 
Methacholine induced an acid secretory response of 
about 15 uEg/30 min with a tendency to increase with 
time of infusion. Isoprenaline infusion did not 
significantly inhibit the secretory response (Figure 8a). 

The potent stimulation of pepsin secretion by 
methacholine is illustrated in Figure 8b. Isoprenaline 
aupmented this effect of methacholine, an increase 
that reached statistical significance (P< 0.05) during 
the last 90 min of isoprenaline administration. 


Discussion 


Isoprenaline is known to inhibit histamine release from 
sensitized lung tissue (Assem & Schild, 1969) and 
leucocytes (Lichtenstein & Margolis, 1968). In the 
leucocytes, the f-receptor agonist also restrains the 
rate of histamine formation (Assem, 1974). Similar 
_ effects of isoprenaline have been noted on histamine 
release and formation in the rat gastric mucosa upon 
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Figure 7 Acid secretion in response to histamine 
(1 mg h`} alone (©) or combined either with 
Isoprenaline (20 pg kg ht) (@) or isoprenaline plus 
propranolol (2 mg kg?!) (A). Propranolol was 
injected as Indicated by the arrows. Each polnt 
represents the mean of one determination In each of 
six Heidenhaln pouch rats. The vertical lines show s.e. 
mean. 


stimulation with pentagastrin (Lundell & Svensson, 
1974). Since isoprenaline also inhibited the acid 
secretory response to pentagastrin, Lundell & 
Svensson (1974) tentatively suggested that 
isoprenaline inhibited acid secretion by restraining 
histamine mobilization. Curwain, Holton, McIsaac & 
Spencer (1974) reached a similar conclusion from 


. their studies in the dog. 


In dogs, cholinergically-induced acid secretion is 
extremely susceptible to inhibition by 
sympathomimetic amines (Harries, 1957; Pradhan & 
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Figure 8 (a) Acid and (b) pepsin secretion in 


response to methacholine (1 ugh") alone (O) or 
combined with Isoprenallne (20 ug kg-'h-') (@). 
Each point represents the mean of one determination 
In each of six Heldenhain pouch rats. The vertical 
lines show 3.6. mean. 


Wingate, 1962). In the present study, isoprenaline 
infusion almost abolished acid secretion in the Pavlov 
pouch induced by feeding and substantially reduced 
the response to 2-deoxy-D-glucose. These observa- 
tions raise the question whether the mechanism behind 
the effect of the -receptor agonist is a reduction in the 
mobilization of gastric mucosal histamine. 
2-Deoxy-D-glucose injection is known to be 
followed by an increase in the vagal tone above that 
prevailing in the interdigestive state, allegedly by 
stimulation of nuclei in the hypothalamus (Colin-Jones 
& Himsworth, 1970). Central vagal excitation effected 
in this way elicited a reduction in mucosal histamine 
content and a substantial increase in the rate of 
formation of the amine. In the presence of the antrum, 
100 mg/kg of 2-deoxy-D-glucose evokes an immediate 
increase in serum gastrin (Lundell & Nilsson, 
unpublished observations). In the absence of the 
antrum, vagal excitation does not alter the serum 
gastrin level but is still effective in increasing the rate 
of mucosal histamine formation (Rosengren & 
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Svensson, 1969; Lundell, 1975a). Accordingly, 
enhanced gastrin secretion seems to be only partly 
responsible for the observed effects of vagal 
stimulation on mucosal histamine mobilization. From 
the present results it is obvious that isoprenaline 
almost completely prevented the combined effect of 
the vagus nerve and endogenous gastrin on the 
mobilization of mucosal histamine. 

Interdigestive acid secretion is sustained by both 
antral gastrin release and vagus nerve activity. In the 
rat, the latter mechanism appears to be predominant 
(Svensson, 1970; Lundell, 1975b). Isoprenaline 
strongly inhibited interdigestive secretion. 
Surprisingly, after 2.5h of isoprenaline infusion, 
mucosal histamine content was slightly decreased and 
the rate of formation increased. However, it should be 
pointed out that isoprenaline induced a progressive 
increase in serum gastrin concentration, thus 
providing a potent stimulus for histamine mobiliza- 
tion, which was apparently counterbalanced by the £- 
receptor agonist (see also Hayes, Ardill, Kennedy, 
Shanks & Buchanan, 1972; Stadil & Rehfeld, 1973). 
However, these results are irreconcilable with a 
primary site of secretory inhibition by isoprenaline on 
histamine mobilization. Furthermore, exogenous 
histamine failed to prevent the inhibitory effect of £- 
adrenoceptor stimulation on the 2-deoxy-D-glucose 
response. 

In dogs, isoprenaline has little effect on histamine- 
induced secretion but inhibits pentagastrin-induced 
secretion and increases the ratio of gastric mucosal 
blood flow to acid secretion (Curwain & Holton, 
1972). In the rat Heidenhain pouch, histamine-induced 
secretion was inhibited by isoprenaline infusion, 
although isoprenaline was more effective when 
secretion was stimulated by pentagastrin (Lundell & 
Svensson, 1974). Since no corresponding effect was 
noted on methacholine-induced secretion, isoprenaline 
may interact with the histamine H,-receptor on the 
parietal cell. However, such interaction has not been 
demonstrated on other target organs having H,- 
receptors (Black ef al., 1973; Péch, Kukovetz & 
Scholz, 1973). Nevertheless, isoprenaline has been 
reported to inhibit histamine-induced acid secretion in 
the bull frog isolated mucosa (Thorpe, Frusco, Bass & 
Hug, 1971), indicating a direct effect on the parietal 
cell 


The secretory responses studied here in the Pavlov 
pouch are predominantly governed by vagus nerve 
activity. Another mechanism, besides those discussed 
above, contributing to the mode of inhibition of 
isoprenaline may be a central or peripheral depression 
of vagal activity. Although it has been reported that an 
artificial elevation of blood glucose concentration 
inhibits the secretory response to 2-deoxy-D-glucose 
(Hirschowitz & Sachs, 1965; Himsworth & Colin- 
Jones, 1969), it is unlikely that the rather small 
increase in serum glucose that we observed on 
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isoprenaline infusion would diminish the secretory rate 
during the interdigestive state and upon feeding or 2- 
deoxy-D-glucose injection. Catecholamines and 
sympathetic nerve stimulation are known to inhibit 
cholinergically-induced excitatory motor responses in 
the gastric and intestinal wall. This effect seems to be 
at least partly attributable to an inhibited acetylcholine 
release from the cholinergic neurones (Jansson & 
Martinsson, 1966; Paton & Vizi, 1969; Kosterlitz, 
Lydon & Watt, 1970). The present finding that 
isoprenaline inhibited vagally- and histamine-induced 
secretory responses may be 
restrained acetylcholine release, since it has been 
shown that the secretory response to histamine is 
enhanced by cholinergic stimulation and is inhibited 
by atropine (Johansson, Lundell & Svensson, 1971; 
Johansson et al., 1972). However, it should be recalled 
that catecholamines seem to prevent acetylcholine 
release from cholinergic neurones by an a-receptor 
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traperitoneal drug infusion. Control rats received 
repeated injections of 0.9% w/v NaCl solution (saline). 
The halothane sleeping time was first determined 4h 
after the last drug injection and at intervals thereafter 
until three successive values indicated a return to 
normal values. i 

Because of the interesting nature of the changes in 
sensitivity of the CNS which were indicated by our 
. results, the following additional measurements were 
made in some instances only: (1) brain halothane con- 
centration on awakening; (2) sleeping time following 
i.c.v. injection of pentobarbitone, and (3) bemegride- 
induced seizure threshold. With pentobarbitone only, 
the rate at which the drug was excreted was 
determined by measurement of brain and liver 
pentobarbitone and pentobarbitone metabolite con- 
centrations in groups of animals killed at intervals 
following repeated intraperitoneal injections of [!4C]- 
pentobarbitone administered in exactly the same way 
(90 mg kg“? 10h‘) as in the experiment described 
above. 


Determination of brain halothane concentration 


Rats were killed by cervical dislocation on awakening 
after exposure to halothane and the brain rapidly 
removed (<1 min) and placed in a previously weighed 
screwcapped MSE homogenizer bottle (25 ml) 
containing 2ml n-heptane. The container was 
reweighed and the brain weight obtained by difference. 
Further n-heptane was then added to give 2 ml g~? 
tissue and the brain was homogenized for 30 s at full 
speed with an MSE homogenizer. The homogenates 
were spun at 5,000 rev/min for 5 min in an MSE 
minor centrifuge and the superantant solution was 
then decanted and stored at —20°C in a stoppered 
tube until required for assay. On each occasion, 
standards were prepared by homogenization of brain 
taken from saline pretreated rats with known amounts 
of halothane in n-heptane (2 ml heptane g`! brain 
tissue). The final halothane concentrations of these 
standards was between 0.0184 mgml`! and 
0.1472 mg ml-. All assays were performed within 12 
days of preparation of the homogenates, during which 
time there had been a mean loss of 17.6+2.0% 
halothane (n=5) compared with freshly prepared 
homogenates. The halothane was assayed by gas 
chromatography using a PYE series 104 
chromatograph with flame ionization detector. 
Samples (10 ul) were injected onto a 1.5m column 
packed with Poropak Q and maintained at a 
temperature of 170°C. The carrier gas was argon at a 
flow rate of 60 ml min`}; hydrogen and air flow rates 
were 60ml min`? and 200 ml min`! respectively. 
Halothane concentrations were determined from a 
calibration curve prepared using the standard 
supernatant solutions. 


Determination of brain and liver ['*C]-pentobarbitone 
concentration 


Animals were killed by stunning and subsequent 
cervical dislocation. The brain and liver were removed, 
weighed and each tissue was homogenized in 7 ml pH 
5.0 phosphate buffer. ['*C]-pentobarbitone was 
extracted by shaking for 30 min with 30 mi petroleum 
ether (40-60) 98.5%/iso-amy! alcohol 1.5%. After 
centrifugation at 2,000 rev/min for 10min (MSE 
major), 10ml of the petroleum ether layer was 
removed for liquid scintillation counting. The 
remaining petroleum ether layer was aspirated and the 
aqueous layer was re-extracted with a further 30 ml 
of petroleum ether/iso-amyl alcohol. After re- 
centrifugation, the organic layer was aspirated, the 
surface of the lower (buffer) layer washed twice with 
10m] petroleum ether/iso-amyl alcohol and [¥C]- 
pentobarbitone metabolites were extracted from the 
remaining aqueous layer by shaking with 30 ml ethyl 
acetate for 30 minutes. After centrifugation, 10 ml of 
the ethyl acetate layer was removed for liquid scintilla- 
tion counting. Standard amounts of [*C]-pento- 
barbitone were taken through the same extraction 
procedure. Pentobarbitone metabolite concentrations 
were determined as the corresponding amounts of 
unchanged pentobarbitone. 


Determination of sleeping time after i.c.v. injection of 
pentobarbitone 


Sleeping time determinations were performed on 
pentobarbitone and meprobamate-treated rats. 
Animals were lightly’ anaesthetized with ether, the 
surface of the skull was exposed and a small burr hole 
was made in the skull at a point 2.5 mm lateral and 
1.0mm posterior to the bregma. The rats were 
allowed to recover for 10min and 800 yg sodium 
pentobarbitone in 30 ul water was injected into the left 
lateral ventricle. Injection was carried out with a 50 yl 
Hamilton syringe connected to a size 25 g x § needle 
fitted with a polythene tubing ‘spacer’ allowing 
injection at a depth of 4 mm below the surface of the 
skull. The times at which animals lost and regained 
their righting reflex were recorded with a stopwatch. 


Determination of bemegride-induced seizure threshold 


The bemegride seizure threshold was determined in 
groups of pentobarbitone-treated rats. The CD,,) for 
bemegride was calculated by treating groups of 6 rats 
at 4 dose levels according to the method of Weil 
(1952). Animals failing to convulse within 5 min of 
intraperitoneal injection were scored as negative. The 
results were calculated as the mean with 95% 
confidence limits. 
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Figure 1 Diurnal variation in, and effect of repeated 


exposure to halothane on, halothane-tnduced 
sleeping time. Each point represents the mean of 6 
observations. Vertical lines show s.e. mean. (A) 
Group 1, exposed repeatedly for 50 h; (W) Group 2, 
exposed only on day 2. 


Table 1 Diumal variation in sensitivity to halothane 
Brain halothane 
cone. on 
Sleeping time * awakening 
Time {min} fug g`) 
01h00min 2.50+0.14 (6) 1867+ 7 (6) 
11h00min 4.45+0.10 (6) 126+ 11 (8} 
P<0.001 P<0.01 


Figures represent mean+s.e. mean with number of 
observations In parentheses. 


Results 


Under the conditions adopted, there was only a small 
intra- and inter-group variation in sleeping time on any 
one occasion. The end-point, i.e., awakening from the 
anaesthetic, was very sharp. Animals passed from the 
flacid immobile state to one of considerable locomotor 
activity within a few seconds. However a marked 
diurnal variation in sleeping time was observed 
(Figure 1). There was a considerable decrease in 
sensitivity to halothane during the night (dark phase) 
compared with during the day (light phase) and this 
diurnal variation in sleeping time was due, at least in 
part, to an altered sensitivity of the CNS to the 
anaesthetic. This was indicated by the observation 
that the brain halothane concentration found in rats 
awakening from the anaesthetic at 11 h 00 min was 
lower than the concentration found in animals 
awakening at Olh OOmin (Table 1). Repeated 
sleeping time determinations on the same group of 
animals did not induce a tolerance, since the sleeping 
time on the eleventh exposure to halothane within a 
48h period was not significantly different from the 
sleeping time on the first occasion (Figure 1). 
Furthermore, the sensitivity of the second group of 
rats exposed only during the second 24 h period was 
the same as that of animals repeatedly exposed over 
the whole 48h period (Figure 1). In a separate 
experiment, brain halothane concentrations found on 
awakening confirmed that repeated exposure to 
halothane did not affect the sensitivity of the CNS to 
the anaesthetic (Table 2). Thus, animals exposed on 
the twelfth occasion during a 50h cycle awakened 
with the same brain halothane concentration as rats 
exposed only twice during the same period. 

To determine whether pretreatment with small 
doses of CNS stimulant or depressant drugs would 
affect the sleeping time, rats were injected with 
amphetamine, pentobarbitone or nitrazepam 
(Table 3). Amphetamine pretreatment shortened and 
pentobarbitone and nitrazepam pretreatment 
lengthened the sleeping time (Table 3). With pento- 
barbitone only, the sleeping time was determined at 


Table 2 Effect of repeated halothane Inhalation on halothane-induced sleeping time and brain halothane 


concentration on awakening 


Number of exposures 
to halothane Time (h) 
Group 1 1 0 
Group 2 1 0 
Group 1 2 50 
Group 2 12 50 


Sisaping time Brain halothane conc. on 
{min} awakening fug g`') 

4.35 +0.13 (6) S 

4.20 +0.15 (8) = 

5.46 +0.22 (6) 120+ 6 (6) 

5.81 +0.20 (6) 111+10 (6) 


Figures represent mean +s.6.mean with number of observations In parentheses. 
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Figure 2 Halothane-induced sleeping time at 
intervals following a single intraperitoneal injection of 
pentobarbitone sodium (30 mgkg-'). Each point 
represents the mean of 6 animals In comparison with 
6 saline pretreated rats. Vertical lines show s.e. 
mean. The asterisks denote P<0.05 In comparison 
with control animals (Student's t test). 


intervals after recovery from a single intraperitoneal 
injection of an anaesthetic dose (30 mg/kg) in order to 
follow the time course of effect on halothane sleeping 
time (Figure 2). (In Figures 2, 3, and 4 the sleeping 
times are expressed as a percentage of control values, 
thus eliminating the diurnal variation and facilitating 
the comparison between drug pretreated and control 
animals. Each point on the graphs represents a 
comparison between drug and saline pretreated rats 
which had been exposed to halothane on the same 
occasion.) Our results show that the sleeping time was 
initially prolonged and that it gradually decreased to 
reach control values after 24 hours. 
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Figure 3 Halothane-induced sleeping time at 
Intervals after repeated injections of amylobarbitone 
sodium (225 mg kg-' 10 ht}. Each point represents 
the mean of 6 animals in comparison with 6 saline 
pretreated rats. Vertical lines show s.e. mean. Zero 
time on the horizontal axis is 4h after the last 
Injection of amylobarbitone. Asterisks denote 
P<0.05 In comparison with control animals 
(Student's t test). 


The sensitivity to halothane was not affected by the 
stimulation of hepatic drug-metabolizing enzyme 
activity produced by pretreatment of rats for four 
days with phenobarbitone or by the inhibition of 
enzyme activity produced by a single intraperitoneal 
injection of SKF 525A (Table 3). 

The effect of repeated drug administration was 
determined on groups of rats which had been kept 
anaesthetized for approximately 12h by repeated 
injection of amylobarbitone, pentobarbitone or 
meprobamate. The effect on halothane sleeping time 
was similar with all three drugs (Figures 3 and 4). The 
first sleeping time, determined 4h after the last 


Table3 Effect of drug pretreatment on halothane-induced sleeping time 


Duration of Slaeping time 
Drug Dose pretreatment (min) 

Control 6.9 + 0.2 (4) 
Amphetamine sulphate 1 mg kg’ 10 min 2.6 +0.2 (3)* 
Pentobarbitone sodlum 5 mg kg™"' 6 min 9.2 +0.1 (3)* 
Nitrazepam 1 mg kg? 15 min 10.8 + 1.2 (3)* 
Control 6.3 +0.1 (5) 
Phenobarbitone sodium 10 mg kg7* day? 4 days 5.4+0.2 (4) 
S.K.F. 525A 15 mg kg? 40 min 5.7+0.3 (4) 


Figures represent mean + s.e. mean with number of observations in parentheses. 


* P <0.06 compared with control values (Student's ¢ test). 
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Figure 4 (a) Halothane-induced sleeping time at 


intervals after repeated intraperitoneal Injections of 
pentobarbitone sodium (@) (90 mg kg? 10 h-t) and 
meprobamate (M) (800 mg kg~' 10 h~). Each point 
represents the mean of 6 animals in comparison with 
6 saline pretreated rats. Zero time on the horizonta! 
axis is 4h after the last injection of hypnotic. 
Asterisks denote P <0.05 In comparison with control 
animals (Student's t test). (b) Brain halothane con- 
centration found on awakening at various tlmes after 
exposure to pentobarbitone or meprobamate. Each 
histogram represents the mean + s.e. mean of 6 
observations. Zero time on the horizontal axis Is 4h 
after the last injectlon of hypnotic. Asterisks denote 
P<0.05 In comparison with control animals 
(Student's t test). 


injection of depressant, was significantly prolonged 
compared with that in saline pretreated rats. However, 
the response then rapidly fell to below control values, 
this tolerance lasting approximately 8 h in the case of 
amylobarbitone (Figure 3) and 16h in the cases of 
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Figure 5 Brain and liver pentobarbitone and pento- 
barbitone metabolite concentrations following 
repeated intraperitoneal injections of ['*C)-pento- 
barbltone sodium (90 mg kg’ 10h"). Each histo- 
gram represents the mean+s.e. mean of at least 4 
observations. 


pentobarbitone and meprobamate (Figure 4a). With 
all three drugs the tolerance was followed by a 
hypersensitivity to halothane which was maximal 
approximately 28h after the last injection of 
amylobarbitone (Figure3) and 36h after 
pentobarbitone or meprobamate (Figure 4a). 
Thereafter the sensitivity returned to normal. This 
pattern of changing sensitivity to halothane, a 
tolerance followed by a hypersensitivity, was in 
marked contrast to the gradual return to normal found 
after a single injection of pentobarbitone (Figure 2). In 
order to correlate the sleeping times with brain 
halothane concentrations on wakening, groups of rats 
were killed on awakening at various times after 
pretreatment with either pentobarbitone or 
meprobamate. The brain halothane concentrations on 
awakening are shown in Figure 4b. Initially, when the 
sleeping time was prolonged, pretreated animals 
awakened with significantly lower brain halothane 
concentrations. At the times of halothane tolerance 


Table 4 Sieeping time to |.c.v. administered pentobarbitone In pentobarbitone and meprobamate-treated 
rats at times of tolerance and hypersensitivity to halothane 


Control 
At time of halothane tolerance 5.5 + 0.3 (6) 
At time of halothane hypersensitivity 4.6 + 0.5 (8) 


Pentobarbitone 
{90 mg kg 10 k) 


Meprobamate 
{800 mg kg’ 10 A“) 


3.2 +0.6 (4) 3.2 +0.5 (6) 
P<0.02 P<0.01 
6.8 + 0.5 (8) 6.2 +0.1 (8) 
P<0.01 P<0.01 


Figures represent mean + s.e. mean with number of observations in parentheses. 
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and hypersensitivity, the brain halothane con- 
centrations found on awakening were significantly 
higher and lower respectively compared with saline 
pretreated rats. There was no difference between the 
brain halothane concentrations on awakening when 
sleeping times had returned to normal. With 
pentobarbitone only, brain and liver pentobarbitone 
and pentobarbitone metabolite concentrations were 
determined at intervals after repeated intraperitoneal 
injection of [!*C]-pentobarbitone (90 mg kg! 10 h7}), 
Brain pentobarbitone levels at the time of halothane 
tolerance (18 h after last dose of pentobarbitone) and 
hypersensitivity (40h after last dose of 
pentobarbitone) were 0.55 ugg` and 0.35 pg g@! 
respectively (Figure 5). The liver pentobarbitone con- 
centrations were higher than those found in brain but 
the overall low levels of unchanged drug and 
metabolites (Figure 5) indicated that most of the drug 
had been eliminated even by the time of the first 
measurements. 

The same pattern of results as was indicated by the 
halothane sleeping time determinations, an increase 
followed by a decrease in CNS excitability, was also 
found when the sleeping times following i.c.v. 
administered pentobarbitone and sensitivity to 
bemegride-induced seizures were considered. At the 
time of halothane tolerance, pentobarbitone and 
meprobamate pretreated animals were also tolerant to 
i.c.v. administered pentobarbitone (Table4) and 
pentobarbitone-treated rats tended (0.1<P<0.2) to 
be more sensitive to intraperitoneally administered 
bemegride (control 15.2 (13.6-—16.9); treated 12.2 
(9.1-16.5) mean mg kg~! (95% confidence limits)). In 
contrast, a decreased excitability of the CNS was 
indicated at the time of halothane hypersensitivity 
since pentobarbitone and meprobamate pretreated 
rats were more sensitive to i.c.v. administered pento- 
barbitone (Table 4) and the threshold for bemegride- 
induced seizures tended to be higher (0.05 < P <0.1) in 
pentobarbitone-treated animals (control 13.8 
(12.2—-15.6); treated 16.3 (14.3—18.5) mean mg kg~! 
(95% confidence limits)). 


Discussion 


Our objectives in this study were as follows: firstly, to 
determine whether halothane-induced sleeping time 
could be used as a valid index of the sensitivity of the 
CNS to a depressant drug; secondly, to determine 
whether repeated sleeping time estimations on the 
same group of animals could be reliably used to follow 
the changes in sensitivity to halothane occurring with 
time, and thirdly, to ascertain whether a cross- 
tolerance to halothane would be induced by 
pretreatment of animals with other CNS depressant 
drugs, and if so, to determine the time course of such 
changes. 


We have found that the halothane-induced sleeping 
time shows only a small inter- and intra-group varia- 
tion when determined at any particular time but that 
there is a pronounced diurnal variation in sensitivity 
to the anaesthetic. A circadian variation in anaesthetic 
effectiveness is well documented (Moore Ede, 1973), 
and in the present experiments we have demonstrated 
that this is due, at least in part, to a variation in the 
sensitivity of the CNS to halothane. The diurnal 
variation in hepatic drug-metabolizing enzyme activity 
(Radzialowski & Bousquet, 1968), which is largely 
responsible for the variation in sensitivity to non- 
gaseous anaesthetics and hypnotic agents, does not 
appear to be involved in the change in sensitivity to 
halothane since we have found that inhibition or 
induction of drug-metabolizing enzyme activity does 
not affect the halothane-induced sleeping time. 
However, changes in absorption, distribution and 
excretion of the anaesthetic could also be involved. 

Repeated determination of the sleeping time on the 
same group of rats over a period of 48h did not 
induce a tolerance to halothane. This was indicated by 
the finding that after repeated exposure to anaesthetic 
the sleeping time and brain halothane concentration 
on awakening were the same as those found in control 
rats. Nevertheless, in all further experiments, control 
rats which had been exposed to halothane on each and 
every occasion were always included. 

Thus, having established that the sleeping time was 
directly related to the sensitivity of the CNS to the 
anaesthetic, and was unaffected by alteration of drug- 
metabolizing capacity or by prior repeated exposure 
to the anaesthetic, we considered that such sleeping 
time determinations could be reliably used to study the 
changes in CNS sensitivity produced by various drug 
pretreatment regimes. 

Anaesthetization of rats for approximately 12 h by 
repeated intraperitoneal injections of pentobarbitone, 
amylobarbitone or meprobamate induced a cross- 
tolerance to halothane and with all three drugs the 
tolerance was followed by a rebound hypersensitivity 
to the anaesthetic. That the halothane tolerance 
represented a true cellular tolerance induced by the 
prior exposure to the hypnotic drugs was indicated by 
the fact that such animals awakened with higher brain 
halothane concentrations, were also tolerant to i.c.v. 
administered pentobarbitone and, in the case of pento- 
barbitone, tended to be more sensitive to bemegride. 
Thus the 12 h period of anaesthesia appeared to have 
induced a withdrawal hyperexcitability of the CNS. 
No such hyperexcitability was produced by the 2h 
period of anaesthesia induced by the single injection of 
pentobarbitone, 

With the same methodology, the period of 
halothane hypersensitivity was found to coincide with 
a period of decreased CNS excitability since such 
animals were more sensitive to i.c.v. administered 
pentobarbitone and, with pentobarbitone pre- 
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treatment, were less sensitive to bemegride. The 
possibility that the post-tolerance hypersensitivity 
could have been due to an additive effect of halothane 
and residual hypnotic drug was shown to be extremely 
unlikely, since it was found in a separate experiment 
that the brain pentobarbitone concentration at the 
time of hypersensitivity was only 0.55 ug g`}. As 
animals normally awaken from pentobarbitone 
anaesthesia with brain concentrations of approx- 
imately 20 ug g7! (Stevenson & Turnbull, 1970) it 
would appear unlikely that the additional 0.55 pg g~! 
could cause a significant prolongation of halothane 
sleeping time. 

We have also considered the possibility that the 
observed changes in sleeping time could have been due 
to a shift in the circadian rhythm of halothane 
sensitivity. However, the following (unpublished) 
findings suggest that this is not the case. First, we have 
found the same pattern of change in sleeping time, a 
tolerance followed by a hypersensitivity, regardless of 
whether the drug pretreatment is given during the light 
or dark phase; secondly, although at first disrupted by 
drug pretreatment, the circadian rhythm of locomotor 
activity returns to normal well before the return of 
normal halothane sensitivity; thirdly, not all hypnotics 
and tranquillizers induce a tolerance to halothane 
when administered in doses which cause a loss of 
righting reflex for the same time as used in the present 
experiments; and finally, quantitative differences in the 
magnitude of the tolerance can be obtained by 
pretreatment with various doses of pentobarbitone or 
by pretreatment on successive days. 

As far as we are aware, this is the first report of a 
post-tolerance hypersensitivity of this type. Although 
Aston and co-workers have reported a hypersen- 
sitivity to barbiturate (Aston, 1966; 1973), the 
hypersensitivity in their experiments occurred at a 
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much later stage after barbiturate administration. We 
have also reported on a barbiturate hypersensitivity 
which occurred some 3 weeks after stopping barbitone 
administration (Stevenson & Turnbull, 1968) but 
showed that a decreased drug-metabolizing capacity 
was the most likely explanation in that particular 
instance. In the present experiments our results clearly 
indicate that the prolonged halothane sleeping time is 
due to an increased sensitivity of the CNS to 
depressant drugs. The two most likely reasons why 
such a hypersensitivity has not been previously found 
are that the sensitivity of the CNS has been too 
infrequently assessed and also, that in most tolerance 
studies the methods used to measure changes in drug 
sensitivity are so affected by alteration of drug- 
metabolizing capacity that the more subtle changes 
occurring in the CNS tend to be masked. 

It remains to be seen whether the induction of cross- 
tolerance to halothane by acute pretreatment with 
large doses of an hypnotic is indicative that such a 
drug would cause CNS changes, e.g. those responsible 
for the production of dependence, if it were to be given 
chronically and at a lower dose level. This possibility 
is currently being investigated. It is more than likely 
that the mechanisms responsible for the production of 
the cross-tolerance to halothane seen in the present 
acute experiments are the same as those which are 
responsible for the withdrawal phenomena seen in 
chronically pretreated animals. If this were to be the 
case, then the methodology that we have described 
above could be used to screen compounds for their 
dependence liability. 
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ADRENOCEPTORS OF THE 
GUINEA-PIG URINARY BLADDER 


K.C. DAVE & A.S. DHATTIWALA 


Department of Pharmacology, N.H.L Municipal Medical College, Ellis Bridge, Ahmedabad 380 006, India 


1 Adrenaline, noradrenaline and isoprenaline (5 pg/ml) did not affect the resting tone of the isolated 
urinary bladder of the guinea-pig. 

2 The catecholamines (1—2 ug/ml) inhibited neuronally evoked contractions at various stimulation 
frequencies; the inhibition was maximum at 2 Hz and minimum at 50 Hz. Isoprenaline produced 
maximum inhibition. 

3 Propranolol (0.5 pg/ml) completely blocked the catecholamine-induced inhibition at all the 
frequencies employed. The concentration-response curves of isoprenaline at 2, 10 and 50 Hz were 
characteristically shifted by propranolol (50 ng/ml). Phenoxybenzamine (0.2 ug/ml) was totally 
ineffective. 

4 In some experiments adrenaline significantly raised the tone of the bladder exposed to propranolol; 
this effect could be blocked by phenoxybenzamine. 

5 Acetylcholine-induced bladder contractions were inhibited by adrenaline (2 pg/ml); the inhibition 
was completely blocked by propranolol! (0.5 pg/ml). 

6 The results indicate the presence of an inhibitory B-adrenoceptor and suggest the possibility of an 


excitatory a-adrenoceptor in guinea-pig urinary bladder. 


Introduction 


Edvardsen & Setekleiv (1968) failed to observe any 
response of isolated urinary bladder strips of guinea- 
pig to exogenous catecholamines, suggesting the lack 
of adrenoceptors in the guinea-pig bladder. However, 
using the same preparation De Sy (1970) showed that 
while the resting tone remained unaffected, the 
exogenous catecholamines inhibited the contractions 
evoked by supraluminal electrical stimulation, and the 
results with adrenoceptor blocking agents indicated 
the presence of inhibitory a- and f-adren tors. 

To our knowledge no further work has been done 
on the adrenoceptors in the guinea-pig bladder. The 
object of the present study was to characterize these 
adrenoceptors by observing the effect of cate- 
cholamines on the neuronally evoked bladder 
contractions in vitro. The isolated innervated urinary 
bladder preparation of the guinea-pig (Weetman, 
1972) was found to be suitable for this purpose. 


Methods 


The nerve-bladder preparations obtained from adult 
guinea-pigs of either sex were set up as described by 
Weetman (1972) in a 30 ml organ bath containing 
Tyrode solution maintained at 35+1°C and bubbled 
with 5% CO, in O,. The Tyrode solution had the 


following composition (g/l): NaCl 8.0, KCI 0.2, CaCl, 
0.2, MgCl, 0.1, NaH,PO, 0.05, NaHCO, 1.0 and 
glucose 1.0. 

Contractions were recorded on a moving 
kymograph with isotonic frontal writing lever (load 
1-1.5g; magnification x7). The bladders were 
neuronally stimulated with rectangular pulses (0.5 ms, 
15—20 V) at different Hz for a variable duration so 
as to deliver 50—51 shocks every 2 minutes. 
Catecholamines have been reported to exhibit a 
frequency-dependent prejunctional inhibitory effect on 
cholinergic transmission (Vizi, 1968; Beani, Bianchi & 
Crema, 1969; Christ & Nishi, 1971; Knoll & Vizi, 
1971). We, therefore, employed different frequencies 
(2 Hz—50 Hz) to distinguish a frequency-dependent 
effect, if any, of catecholamines on the guinea-pig 
bladder. 

Each preparation served as its own control. The 
preparation was allowed to contract to neuronal 
stimulation for at least 20 min before the addition of 
any drug; the height of contraction was measured and 
was taken as the control. The contact period with the 
adrenoceptor blocking agent was 45 min and except 
for cumulative doses of isoprenaline, the tissue- 
catecholamine contact period did not exceed 
4 minutes. 

In a few experiments the effect of adrenaline on the 
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Figure 1 
neuronal stimulation at dots (rectangular pulses, 


isolated urinary bladder of gulnea-pig; 


15V, 0.5ms, 50-51 shocks every 2min at 
frequencles Indicated below). Effect of adrenaline 
(2 ug/ml in (a)), noradrenaline (2 pg/ml In (b)) and 
isoprenaline (1 g/ml In (c)) added at Ad, Na and Iso 
respectively. Propranolol (0.5 pg/ml In (a) and (c), 
0.2 ug/ml in (b)) added at Prop. Interval between 
panels (i) and (iI), 40 min; W=wash. Note the ralsed 
tone by adrenaline In (a) In presence of propranolol. 
Figure retouched for printing. 


acetylcholine-induced contraction was recorded and 
then repeated in the presence of propranolol. 


Drugs 


(—}Adrenaline acid tartrate (Sigma Chemicals, 
U.S.A.), (-}noradrenaline acid tartrate (Fluka AG), 
isoprenaline sulphate (Burroughs Wellcome), pro- 
pranolol hydrochloride (Inderal, ICI), phenoxy- 
benzamine hydrochloride (SK & F) and acetyl- 
choline bromide (Koch-Light Lab) were used and 
the concentrations refer to the salts. 





1 


Figure2 isolated urinary bladder of guinea-pig in 
Tyrode solution containing propranolol (0.5 pg/ml). 
Effect of phenoxybenzamine (PB, 0.2 ug/mi) on 
adrenaline (Ad, 2 1g/mi)-induced rise in tone In the 
neuronally stimulated bladder (stimulation at dots, 
rectangular pulses, 15V, O0.6ms, 10Hz for 50 
shocks/2 minutes). Interval between the panels, 
40 minutes. W-= wash. Figure retouched for printing. 


Results 
Unless mentioned otherwise the number of 
experiments indicates experiments on separate 
bladders. 


Effects of catecholamines on bladder tone and 
spontaneous rhythmic activity 


The resting tone of the preparation was unaltered by 
adrenaline, noradrenaline or isoprenaline in con- 
centrations up to Syg/ml (10 tests, 5 bladders). 
Following exposure to propranolol (0.2—0.5 pg/ml) 6 
out of 15 bladders responsed to adrenaline (2 ug/ml) 
with a contraction averaging 3.8+0.21 mm 
(mean + s.e.) e.g. panel a(ii) of Figure 1). In these 6 
preparations the mean contraction to adrenaline in the 
absence of propranolol was 0.8+0.12 mm, the 
difference being statistically significant (P< 0.001, 
Student’s t-test for paired data). Phenoxybenzamine 
(0.2 pg/ml) blocked this effect (Figure 2). In only one 
out of 10 experiments noradrenaline (2 ug/ml) raised 
the tone by 2.5 mm in the presence of propranolol. In 3 
out of 6 experiments isoprenaline (1 ug/ml) reduced the 
tone slightly in the presence of phenoxybenzamine 
(0.2 pg/ml) but this was not statistically significant 
(0.05 < P<0.1). 

Spontaneous rhythmic activity, when present, was 
markedly reduced after isoprenaline although the tone 
remained unaffected. In a few experiments the 
spontaneous activity was increased after adrenaline in 
the presence of propranolol. 
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Figure 3 Isolated urinary bladder of guinea-pig. 
Cumulative concentration effect curves for the 
isoprenaline-induced Inhibition of neuronally evoked 
contractions: 2 Hz, (O); 50Hz (MO): 10Hz (Aj; 
rectangular pulses, 10—20V, 0.5 ms: total shocks, 
50; every Z minutes. Isoprenaline effect is expressed 
as the percentage inhibition of the control responses. 
Propranolol (50 ng/ml) was incubated with the tissue 
for 45 min before repeating the Inhibitory effect of 
Isoprenaline at 2 Hz (@), 50 Hz (W), and 10 Hz (á). 
Vertical Iines show s.. mean of six experiments. 


Effects of catecholamines with and without 
adrenoceptor blocking agents (Table 1) 


Adrenaline (2 ug/ml), noradrenaline (2 pg/ml) and 
isoprenaline (1 g/ml) inhibited the neuronally evoked 
contractions in all the experiments and at all the 
stimulation frequencies. The inhibition was maximum 
at 2 Hz and minimum at 50 Hz. Maximum inhibition 
was produced by isoprenaline; adrenaline had a 
slightly greater inhibitory effect than noradrenaline. 
Propranolol (0.2—0.5 pg/ml) and phenoxybenz- 
amine (0.2 ug/ml) did not significantly affect the 
neuronally evoked contractions of the bladder. 
Irrespective of the frequency of stimulation propranolol 
(0.2—0.5 pg/ml) consistently and markedly blocked the 
adrenaline, noradrenaline and isoprenaline-induced 
inhibition (Figure 1). The blocking effect of propranolol 
persisted for at least 30 min after repeated washes. 
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Figure 4 Isolated urinary bladder of guinea-pig. 
Effect of phenoxybenzamine (PB, 0.2 ug/ml} on the 
adrenaline (Ad, 2 yg/mli)-induced inhibition of the 
neuronally stimulated bladder (stimulation at dots, 
rectangular pulses, 15V, 0.5ms, 5Hz for 50 
shocks/2 minutes}. Interval between the panels, 
40 min, W=wash. Figure retouched for printing. 





Figure & Isolated urinary bladder of guinea-pig. 
Effect of adrenaline (Ad, 2 pg/ml) on acetylcholine 
(1.5 ug/mi, added at dots)-Induced contractions and 
Its antagonism by propranolol (Prop, 0.5 yg/mi). 
Acetylcholine responses were repeated every 15 min 
except during Incubation period with propranclol 
(45 minutes). Adrenaline was added 2 min before the 
next dose of acetylcholine. W=wash. Figure 
retouched for printing. 


In 6 experiments cumulative dose-response curves 
were obtained for isoprenaline alone and in the 
presence of propranolol (50 ng/ml), at 2, 10 and 
50 Hz frequencies. Propranolol antagonized the 
isoprenaline-induced inhibition at all the three 
frequencies (Figure 3). 

Phenoxybenzamine (0.2 pg/ml) did not antagonize 
the adrenaline or noradrenaline-induced inhibition in 
any of the experiments (10 tests, 5 bladders); in 4 tests 
(2 bladders) the contractions were reduced further 
(Figure 4). The blockade produced by propranolol 
could not be increased further by phenoxybenzamine. 





Effect of adrenaline on acetylcholine-induced 
contractions ` 


Figure 5 shows the effect of adrenaline and its 
antagonism by propranolol on the acetylcholine- 
induced contraction of the guinea-pig bladder. In 5 
tests on 3 bladders adrenaline (2 pg/ml) reduced the 
contraction produced by acetylcholine (1.5 ng/ml) to 
55% (+3% s.e.) of the control; propranolol 
(0.5 ng/ml) antagonized this effect completely (the 
contraction reduced to 99% + 1% s.e. of the control). 


Discussion 


The isolated urinary bladder of the guinea-pig is a 
ganglion-containing cholinergically innervated prep- 
aration (Weetman, 1972; Weetman & Turner, 
1973). Adrenaline and noradrenaline have been shown 
to inhibit the release of acetylcholine through their pre- 
junctional action on the a-adrenoceptor in the 
superior cervical ganglion of the rabbit (Christ & 
Nishi, 1971), in the guinea-pig ileum (Vizi, 1968; 
Knoll & Vizi, 1971) and the guinea-pig colon (Beani et 
al., 1969): the inhibitory effect was evident at lower 
rather than at higher frequencies and could be blocked 
by a-adrenoceptor blocking agents. The prejunctional 
inhibition by noradrenaline varies inversely with the 
frequency and the total number of shocks delivered 
during stimulation; the fewer the shocks and the lower 
the frequency applied, the greater is the inhibition 
(Knoll & Vizi, 1971). The number of shocks 
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(50—51/2 min) was kept constant in our experiments so 
that though the maximum inhibition by the cate- 
cholamines was produced at the low frequency (2 Hz), 
propranolol could block the inhibitory effect 
irrespective of the frequency of stimulation whereas 
phenoxybenzamine was totally ineffective. Though iso- 
prenaline lacks the prejunctional inhibitory effect (Vizi, 
1968) it was maximally inhibitory in the present 
experiments. These results plus the characteristic shift 
of the dose-response curves of isoprenaline by 
propranolol indicate that the inhibitory effect of 
adrenaline, noradrenaline and isoprenaline observed on 
the neuronally stimulated guinea-pig urinary bladder in 
vitro is produced by the action of the catecholamines on 
inhibitory f-adrenoceptors. Inhibition of the 
acetylcholine-induced contraction of the isolated 
bladder by adrenaline and its antagonism by 
propranolol provide evidence for the post-junctional 
site of this inhibitory effect of the catecholamines. 

A slight but significant rise in the tone induced by 
adrenaline in the presence of propranolol was 
observed in a few experiments, and its blockade by 
phenoxybenzamine may suggest the existence of 
excitatory a-adrenoceptors in the guinea-pig bladder. 
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CIRCULATORY EFFECTS 
OF ORAL AND SUBCUTANEOUS 
ADMINISTRATION IN NORMAL 


SUBJECTS OF A NEW BRONCHODILATOR, 
IBUTEROL, A PRO-DRUG TO TERBUTALINE 


ELIN HÖGLUND, H. WESTLING & T. WHITE 


Department of Clinical Physiology, University of Lund, Lasarettet, S-221 85 Lund, Sweden 


1 The di-isobutyryl ester of terbutaline, ibuterol, was given subcutaneously and orally to healthy 
volunteers and its effects on heart rate, arterial blood pressure, and ECG were compared with those of 
terbutaline itself. The effects of the two substances were qualitatively identical, but quantitatively 


different. 


2 By mouth, ibuterol acted more rapidly, and was 2—3 times more active. After intramuscular 
injection, ibuterol caused less increase in local blood flow than terbutaline. 


3 Ibuterol can be regarded as a pro-drug, which in itself has little activity, but which can be made 


active in the body. 


Introduction 


Modern sympathomimetic bronchodilators are active 
by mouth and cause fewer cardiac side effects in 
relation to their bronchodilator effects. The best 
known of these drugs are terbutaline and salbutamol 
(Carlström, 1970; Lewis, 1971). Terbutaline has to be 
given in much larger doses by mouth to produce the 
same effects as a subcutaneous injection (Arner, 
Bertler, Karlefors & Westling, 1970). The di- 
isobutyryl ester of terbutaline (ibuterol) is hydrolyzed 
in the body of experimental animals to the active drug 
terbutaline (Olsson, Persson, Persson & Sorenby, 
1974). 


Methods 
Drugs 


Terbutaline was used as the sulphate, molecular 
weight 549 (equivalent weight 274) and ibuterol as the 
hydrochloride, molecular weight 402. The ratio 
between equivalent doses of ibuterol hydrochloride 
and terbutaline sulphate is 1.47. Both drugs were given 
in 50 ml water by the mouth, and in 0.5 ml sterile 
0.99% w/v NaCl solution subcutaneously. Ibuterol and 
terbutaline (Bricanyl) were supplied by AB Draco, 
Sweden (a subsidiary of AB Astra, Sweden). 


Subjects 


Eight healthy male volunteers were informed of the 
nature of the study and received payment. Four of the 


subjects were used in experiments on the effects of 
drugs on heart rate, blood pressure, and ECG. In the 
remaining four subjects muscle blood flow was 
measured. 


Procedures 


Measurements of heart rate, blood pressure, and 
ECG. The subjects were fasting, and smoking was not 
allowed before the test. They sat in a reclining chair. 
Heart rate was measured from a continuous ECG 
(CR chest leads); T wave amplitude was measured in 
lead CRS. Arterial arm blood pressure was measured 
by the auscultatory method. Baseline values were 
obtained at the end of a 60min resting period. 
Observations were made at 5 or 15 min intervals for 
240 min after the drug (or placebo). A light meal 
(bread, butter, milk) was given 180 min after the drug. 
Subjective symptoms were recorded. Average basal 
values for heart rate were 48—61 beats/minute. There 
were no significant differences between basal values on 
different days in each individual. 

Each of the four subjects was first given 4 drug 
treatments by mouth at one week intervals, 5 and 
10mg of terbutaline sulphate and of ibuterol 
hydrochloride (Latin square design). Thereafter the 
effects of subcutaneous administration of 0.5 and 
1.0mg terbutaline sulphate and 1.25 and 2.5 mg 
ibuterol hydrochloride were studied in the same way. 


Measurement of muscle blood flow. Blood flow in 
the anterior tibial muscle was measured by the 
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B3zenon wash-out technique (Lindbjerg, 1965; Arner 
et al., 1970). In each of the four subjects muscle blood 
flow was studied four times in both legs, and each 
subject received two doses of terbutaline sulphate and 
two doses of ibuterol hydrochloride, so that eight 
observations were made on each drug dose. 


Statistical analysis 


Analysis of variance, and ‘4 point assay’ for 
determination of relative potency were used. The total 
effect on the heart rate was calculated as the area of 
increased heart rate over 3 and 4 hours. 


Results 
Qualitative effects of ibuterol 


Tachycardia, increase in systolic blood pressure and 
pulse pressure, and decrease in T wave amplitude were 
regularly seen. The systolic blood pressure returned 
more rapidly towards the baseline than the heart rate 
(Figures 1 and 2). The patients often reported 
palpitations and tremor, particularly after the higher 
doses of the drugs. The circulatory effects of the meal 
were similar to those of the smaller drug doses 


(Figure 1). 


Activity of ibuterol in relation to terbutaline; 
subcutaneous injection 


Both drugs acted within 5 min and gave peak heart 
rates at 30—60 min (Figure 2). Thereafter, the effects 
of terbutaline declined more rapidly, but even after 
180 min the heart rate was still increased. The effects 
of ibuterol lasted slightly longer. On a molar basis 
ibuterol was less active than terbutaline; the equiactive 
doses being related approximately 1.5: 1 (Table 1). 


Table 1 


Ratio 
in heart rate 


Equiactive doses 


[buterol s.c. : 1.5 
Terbutaline s.c. (1.27-—1.92) 
Terbutaline orally 15 
Terbutaline s.c. {11.6-—18.5) 
ibuterol orally 5.2 
Ibuterol s.c. (4.1—6.5) 


Maximal increase 
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Figure 1 Mean values for heart rate (beats/min), 
arterial blood pressure (1 mmHg #133 Pa) and T 
wave amplitude after oral administration of (a) 5 mg 
Ibuterol, {b} 5 mg terbutaline. Drugs were given at 
O min and a light moal just after the observation at 
180 minutes. 


Activity of ibuterol in relation to terbutaline; oral 
administration 


Ibuterol acted more rapidly and caused significant 
increase in heart rate in less than 15 min whereas 


Ratio between equiactive doses of ibuterol and terbutaline 


Total increase in heart rate 


over3h over 4h 
1.4 1.4 
(1.15-—-1.67) (1.12~—1.68) 
13 13 
{10.5-~-1.67) {9.2 ~14.1} 
5.0 4,9 
(4.0—6.3) (3.9-6.0) 


The ratios are calculated on a molar basis and based on changes in heart rate expressed in three different ways. 


Mean values (and 95% confidence limits) are given. 
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Figure 2 Mean changes in heart rate (O, beats/min), 
systolic blood pressure (@, mmHg; 1 mmHg * 133 Pa) 
and T wave amplitude (A) after subcutaneous 
administration of (a) 1.25 mg ibuterol, (b) 0.5 mg 
terbutaline. Drugs were given at O min and a light meal 
Just after the observation at 180 minutes. 


terbutaline acted only after a delay of 15~—30 min 
(Figure 1). In addition the maximal effects of 
terbutaline occurred later. There were similar 
differences for arterial blood pressure and T wave 
amplitude. 

Table 1 shows the relative potency of the two drugs. 
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The effectiveness by mouth, as compared to that after 
subcutaneous administration, was greater for ibuterol 
than for terbutaline. 


Direct effects of ibuterol and terbutaline on muscle 
blood flow 


Resting blood flow without drugs under the present 
experimental conditions was 1 to 4 ml blood min™ 
100 ml tissue-!. Table 2 shows that 0—2 min after 
injection, a 60 times greater concentration of ibuterol 
than of terbutaline was required to produce the same 
blood flow. Clearly, ibuterol was a less potent 
vasodilator than terbutaline. Physostigmine (to a final 
concentration of 10ug/mÌ did not change the 
responses to ibuterol or terbutaline appreciably. This 
suggests absence of local hydrolysis of ibuterol (cf. 
Olsson et al., 1974). 


Discussion 


With both ibuterol and terbutaline the pressor effect 
waned earlier than the tachycardia. The phenomenon 
may indicate differences in adaptation between 
receptors (or mechanism) responsible for the cardio- 
vascular actions of the drugs (cf. Conolly, Davies, 
Dollery & George, 1971). 

Ibuterol is slightly less active than terbutaline after 
subcutaneous injection. A similar difference was 
observed in animal experiments (Olsson et al., 1974) 
and may be due to incomplete hydrolysis of ibuterol. 

By mouth ibuterol was more effective, and also 
acted faster than terbutaline. These differences may be 
related to the different physicochemical properties of 
the two drugs which could influence the site or mode 
of absorption. Ibuterol ts lipophilic and terbutaline ts 
hydrophilic. 

Ibuterol can be regarded as a pro-drug to 
terbutaline (Review notice, 1974). The greater oral 
efficiency of ibuterol may give more rapid and 
predictable therapeutic effects (Arner & Magnusson, 
1976). 


Table 2 Muscular blood flow in response to ibutero!l and terbutaline added locally 


Drug Concentration 
(ug/mi) 
ibuteral hydrochloride 12.5 
Ibuterol hydrochloride 200 
Terbutaline sulphate 3.125 
Terbutaline sulphate 50 


Average values + 8.8. 


Blood flow {mi min 100 mF") 


0-2 min 3—5 min 
14.04+2.6 14.041.2 
20.44 1.7 23.142.3 
20.0+2.5 18.64+2.2 
30,04+4.6 29.8+2.5 


mean are given for eight observations immediately (0—2 min) and 3—65 min after 


injection. Note that the injected volume was 0.2 mi and consequently the doses of drugs varied from 0.625 to 


40 ug. 
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THE ACTION OF TETRAETHYL- 
AMMONIUM CHLORIDE ON THE 


RESPONSE OF THE RAT ANOCOCCYGEUS 
MUSCLE TO MOTOR AND INHIBITORY 
NERVE STIMULATION AND TO SOME DRUGS 


J.S. GILLESPIE & A.K. TILMISANY 


Department of Pharmacology, University of Glasgow, Glasgow G12 800 


1 Tetraethylammonium chloride (TEA) 0.125 mM to 20mM potentiates the response of the 
anococcygeus muscle to field stimulation of the motor adrenergic nerves without affecting the response 
to noradrenaline suggesting a pre-synaptic origin of potentiation. The potentiation is greatest at low, 
submaximal, frequencies (2 Hz) of stimulation and only slight at the higher frequency of 20 Hz. This 
difference is due to the restraint imposed on the demonstration of potentiation by maximal or near 
maximal motor responses since reduction of the mechanical response at 20 Hz by either phentolamine 
(post-synaptic block) or guanethidine (pre-synaptic block) resulted in a great increase in potentiation of 
the response at this frequency. 

2 TEA in concentrations up to 1 mM similarly potentites the response to inhibitory nerve stimulation 
and again the greatest effect is at low frequencies. Higher concentrations (5—20 mM) progressively 
depress the inhibitory response. It is suggested that TEA may specifically antagonize the post-synaptic 
action of the inhibitory transmitter and that at higher concentrations of TEA this effect dominates the 
pre-synaptic action in increasing transmitter release. 

3 TEA has no effect on the motor response to tyramine. 

4 TEA (5—20 mm) causes a maintained rise in muscle tone. Part of this is abolished by phentolamine 
but part is resistant. A similar muscle stimulant action of TEA is observed in muscles from rats 
previously treated with 6-hydroxydopamine in which indirect sympathomimetic drugs and field 
stimulation could no longer produce a motor response. These results suggest that part of the motor effect 
of TEA is due to an increased spontaneous release of noradrenaline and part to a direct action on the 
muscle. 

5 TEA 0.125 mM to 20 mM antagonize the stimulant action of carbachol. Dose-response curves 
show a parallel shift to the right with no change in the maximum response suggesting a competitive 
atropine-like action. Such an effect has previously been reported in amphibian tissue but not so far as we 
can determine in mammalian preparations. 

6 The possible mode of action of TEA “s discussed. 


Introduction 


Tetraethylammonium chloride (TEA) possesses a 
variety of actions which result from its interference 
with cholinergic transmission. In addition to the 
effects at acetylcholine receptors, TEA has important 
effects on the ion permeability of the membranes of 
many excitable cells. One particular effect is to 
prolong the action potential in muscle and nerve by 
preventing the delayed rise in potassium permeability 
which contributes to the rapid restoration of the 
resting membrane potential (Fatt & Katz, 1953; 
Tasaki & Hagiwara, 1957; Armstrong & Binstock, 
1965). This prolongation of the action potential 
increases the liberation of transmitter from both 


4 


cholinergic (Kensler, 1950; Koketsu, 1958; Douglas & 
Lywood, 1961; Collier & Exley, 1963) and adrenergic 
nerves (Thoenen, Haefely & Staehelin, 1967; Kirpekar, 
Prat, Puig & Wakade, 1972; Stjarne, 1973). 

The experiments described in this paper were done 
to determine whether TEA would increase the release 
of transmitter from the nerves to the anococcygeus 
muscle and, im particular, whether it would potentiate 
the response to stimulation of the inhibitory nerves, a 
non-cholinergic non-adrenergic neurone whose 
transmitter is at present unknown (Gillespie, 1972). A 
preliminary account of some of these results has been 
published (Gillespie & Tilmisany, 1974). 
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The effect of increasing concentrations of tetraethylammonium (TEA) on the motor response of the 


rat anococcygeus muscle to field stimulation. The preparation was stimulated alternatively at 20 and 2 Hz; TEA 
in the concentration shown below each trace was added at the arrows. TEA potentiated the motor response at 
both 20 and 2 Hz but the effect was greater at 2 Hz so that at a concentration of 20 mm TEA the responses at 
both fraquencies became equal. TEA 10 and 20 mM also caused a sustained rise In muscle tone. In this and all 
subsequent figures the amplitude of the motor response was measured from the level of tone existing before 


the addition of TEA. 


Method 


Rat anococcygeus muscles were isolated and 
suspended in 20 ml baths of Krebs saline at 37°C and 
gassed with a mixture of 95% O, and 5% CO, as 
previously described (Gillespie, 1972). Only male 
animals were used since in this species the muscles are 
thicker and stronger in the male and variability is 
reduced by using only one sex. The muscles were 
passed through platinum ring electrodes for field 
stimulation. Stimulation was by lms pulses at 
supramaximal voltage and at the frequencies shown in 
the text. The tissue was stimulated for fixed periods of 
10—20s repeated at intervals varying in different 
experiments from 100s to 3 minutes. The interval 
between periods of stimulation and the duration of 
stimulation were preset by appropriate timing devices. 
Drugs were added to the bath dissolved in 0.99% w/v 
NaCl solution (Saline) in volumes of 0.1 to 0.3 mL 
Drugs used were tetracthylammonium bromide 
(Koch-Light), carbachol (Sigma), guanethidine 
sulphate (Ciba), (—)-noradrenaline bitartrate (Koch- 
Light), hexamethonium bromide (Koch-Light), 
phentolamine mesylate (Ciba), atropine sulphate 
(BDH), (+)-tubocurarine (Burroughs Wellcome), 6- 


hydroxydopamine (Calbiochem) and tyramine 
(Sigma). Doses are given as moles of the base. 


Results 


The effect of TEA on the motor response to field 
stimulation 


TEA in concentrations of 0.125mM and higher 
potentiated the motor response to field stimulation 
(Figure 1) with little or no potentiation of the response 
to noradrenaline (Figure 4). The degree of potentiation 
of the response to field stimulation varied with 
frequency and with the concentration of TEA. 
Potentiation was most obvious at low frequencies and 
was relatively slight at the optimum frequency of 
stimulation of 20 Hz (Figure 1, Table 1). As a result, 
the effect of the drug was to make the response at 
2 Hz equal to that at 20 Hz. Increasing the concentra- 
tion of TEA increased the degree of potentiation up to 
at least a concentration of 20mM (Table 1). 
Estimation of the effect of TEA concentrations greater 
than 5 mM was complicated by the maintained rise in 
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Figure 2 The effect of tetraethylammonium (TEA) 10 mm on the motor response of the rat anococcygeus to 
field stimulation in the presence of either phentolamine (Ph 20 um) or guanethidine (Guan, 10 uM). The records 
are from two different muscles. in both the blocking agent reduces the motor response at 20 Hz (a) and 
completely abolishes that at 2 Hz (@); TEA restores the response at both frequencies. 


muscle tone which these concentrations induced 
(Figure 1) so that concentrations above 20 mM were 
not investigated. 

The smallness of the mean potentiation at 20 Hz 
(see Table 1) could have been due to a failure of TEA to 
increase transmitter output at this frequency or to the 
fact that the muscle response was already near maximal 
and little or no increase in tension was possible 
whatever the effect on transmitter output. These 


Table 1 
tetraethylammonlum (TEA) at various concentrations 


Concentration 
of TEA mM 50 Hz 
0.125 2.1+1.8 
0.25 3.7+1.9 
0.5 —2,4+2,9 
1.0 -4.6 +45.5 
5.0 —7.7 £4.3 
10.0 —3.1 45.9 
20.0 — 140.2 + 5.0 


possibilities were distinguished by the use of blocking 
drugs to impair transmission and produce a 
submaximal response at 20Hz suitable for the 
detection of potentiation. Two blocking agents were 
separately used, phentolamine 2 uM to produce post- 
synaptic a-adrenoceptor blockade and guanethidine 
1 uM to produce pre-synaptic blockade. The results are 
shown in Figure 2, TEA reversed both pre- and post- 
synaptic block. 


The mean potentiation or inhibition of the motor response to field stimulation produced by 


Potentiation or inhibition as a % of the maximum response 


20 Hz 2 Hz 
6.4+2.5* 8.7+2.7** 
8.3 + 3.6* 9.6+6.7*** 
7.7+2.7* 16.7 +2,7°"* è 
6.2 +42.2 ** 22.3 +43.6" 
5.2+2.4* 40.8+4.9*** 
9.2+2.4* 47.6+4.4"* 
14,1 4247r 54.4 +4.7** 


In each experiment potentiation or inhibition was measured as the increase or decrease in the response 
compared with the control at that frequency and expressed as a percentage of the maximum response the 
tissue could produce. The amplitude of the motor response was measured from the level of tone existing before 
the addition of TEA. The values in the table are the means + s.e. mean and the number of muscles tested varied 


from 6 to 39. 


The significance of the results was assessed by Student's t test; * P < 0.05; ** P< 0.01; *** P<0.001. 
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Figure 3 The effect of increasing concentrations of tetraethylammonium {TEA) on the inhibitory response of 
the rat anococcygeus muscle to field stimulation at 50, 20 or 2 Hz The upper and lower records are from two 
different muscles; the concentrations of TEA are shown below the records. Guanethidine (30 um) was present 
to block the motor response and raise tone. Concentration of TEA up to 1 mM potentiated the inhibltory 
response especially at 2 Hz; higher concentrations of 10 and 20 mM reduced both amplitude and duration of 


the response. 


The effect of TEA on the inhibitory response to field 
stimulation 


In these experiments guanethidine 30 uM was added to 
the bath to block the motor adrenergic nerves and 
simultaneously, by an indirect sympathomimetic 
action, to raise tone. It is on the background of this 
raised tone that the presence of an inhibitory 
innervation can be demonstrated. TEA in con- 
centrations from 0.1 to 1mM_ potentiated the 
inhibitory response to field stimulation and once again 
the effect was most marked with the lower frequencies 
of stimulation (Figure 3) so that the response to 2 Hz 
was increased so as to equal the maximum response. 
Higher concentrations of TEA reduced the inhibitory 
response both in amplitude and duration (Figure 3). 


The effect of TEA on the response to tyramine 


Transmitter may be liberated from an adrenergic 
nerve either spontaneously, in response to the arrival 
of an action potential, or by displacement from 
storage sites by indirect sympathomimetic drugs. The 
first two mechanisms require calcium, the last does not 


and it was therefore of interest to see whether 
transmitter liberation by an indirect sympathomimetic 
agent would be affected by TEA. As Figure 4 shows, 
TEA in concentrations which potentiate the response 
to nerve stimulation had no effect on the response to 
tyramine. 


Direct effects of TEA 


Concentrations of TEA greater than 5 mM caused a 
maintained rise in tone in the preparation (Figure 5). 
The possibility that this was due to an increased 
spontaneous release of noradrenaline was investigated 
by studying the effect of phentolamine. Part, but not 
all, of the rise in tone was abolished by phentolamine 
10 uM confirming that part of the effect was due to the 
release of noradrenline but that there was in addition a 
direct action on the smooth muscle. This was further 
investigated by treating four rats with 6- 
hydroxydopamine (6-OHDA) to destroy the 
adrenergic nerve terminals and then examining the 
effect of TEA. Examination of these muscles with the 
Falck fluorescence technique showed no fluorescent 
adrenergic nerves and the muscles, though responding 
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Figure 4 Dose-response curves of the rat anococcygeus muscle to noradrenaline (NA) and tyramine in the 
presence {O) and absence (@) of tetrasthylammonlum (TEA) 1mm. In each experiment responses are 
expressed as a percentage of the maximum response in that experiment. Each point is the mean of 
observations and the vertical lines represent s.e. mean. TEA had no significant effect on the response to elther 
agonist. 
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Figure 6 {a) The effects of tetraethylammonium (TEA) 20 mmM in potentiating the motor response to field 


stimulation at 20 Hz and also causing,a considerable rise In tone In a rat anococcygeus muscle. Phentolamine 
(Ph 10 pM) almost blocked the response to field stimulation and greatly reduced but did not abollsh the rise In 
tone produced by TEA. (b) Records from a muscle from a rat previously treated with 6-hydroxydopamine 
to destroy the adrenergic nerves. The muscle was still sensitive to noradrenaline (NA, 3 um) but neither 
field stimulation nor tyramine (Tyr, 10 um) caused contraction. TEA 5 mM and 20 mm still produced a rise in 


tone. 


to noradrenaline, gave no motor response to either 
field stimulation or the indirect sympathomimetic 
agent tyramine; nonetheless, TEA 5 and 20mM 
produced a graded contraction (Figure 5). 


Atropine-like action of TEA 


In the experiments described in the previous 
paragraph the continuing presence of an intact 


inhibitory innervation in tissues from 6-OHDA- 
treated animals was checked by raising tone with 
carbachol since guanethidine was ineffective in these 
circumstances. It was found that TEA abolished this 
carbachol-induced tone. This was further investigated 
in muscles from normal animals and, as Figure 6 
shows, TEA was able to abolish the effects of 
carbachol in a dose-related fashion. Dose-response 
curves of rise in tone for carbachol in the presence of 
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Figure 6 The effect on the rat anococcygeus muscle of increasing concentrations of tetraethylammonlum 
(TEA) on the increase In muscle tone induced by carbachol (CCh, 5 pm). Field stimulation at 20 Hz was applied 
at 2 min Intervals. The lowest concentration of TEA, 0.125 m, slightly lowered tone, an effect which increased 
with concentration up to a maximum at 10 mM. The response to fleld stimulation was also potentiated. At the 
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Figure 7 Mean dose-response curves of rise In tone 
to carbacho! alone (@), and In the presence of 
tetraethylammonium (TEA) 0.25 mM (O) and 1.0 mm 
(M). Responses are expressed as a percentage of the 
maximum response to carbachol in the control. 
Number of muscies was 15 for all concentrations 
unless otherwlse indicated. The vertical lines 
represent s.e. mean. 


0.25 and 1.0 mM TEA are illustrated in Figure 7 and 
shows a parallel shift of the dose response curves with 
no change in the maximum response, consistent with a 
competitive blocking effect. 


The mode of action of TEA 


Adrenergic nerves are known to possess a variety of 
pre-synaptic receptors capable of feedback inhibition 
of transmitter release. Prominent among these are 
nicotinic and muscarinic acetylcholine receptors and 
the a-receptor for noradrenaline itself. We, therefore, 
investigated whether block of nicotinic receptors by 
hexamethonium or curare, of muscarinic receptors by 
atropine or of a-receptors by phentolamine would 
abolish the ability of TEA to cause potentiation. The 
results are shown in Figure 8. None of these blocking 
agents prevented either the potentiation of the 
response to motor nerve stimulation or the effect of 
TEA in raising muscle tone. 


Discussion 


TEA produces a variety of effects in the anococcygeus 
muscle. The potentiation of the response to both 
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Figure8 The responses of three different anococcygeus muscles to field stimulatlon and to 
tetraethylammonium (TEA) 20mm and the effect on these of (a) hexamethonium (C6, 10 uM). (b) (+)- 
tubocurarine (Tc, 3 uM) and (c) atropine (Atr, 10 um). The muscle in (a) was stimulated intermittently at 20 Hz. 
The muscles in {b) and {c} were stimulated at 2 and 20 Hz alternately. Neither the potentiation of the 
response to field stimulation nor the rise In muscle tone was affected by these blocking drugs. 


motor and inhibitor nerve stimulation is almost 
certainly due to an increased liberation of their 
respective transmitters as a result of prolongation and 
augmentation of the nerve action potential and a 
consequent increased entry of calcium. Similar con- 
centrations of TEA have been shown to prolong the 
action potential in muscle (Fatt, & Katz, 1953; 
Hagiwara & Watanabe, 1955) and nerve (Schmidt & 
Stampfli, 1966; Taski & Hagiwara, 1957) and to 
increase transmitter liberation from cholinergic and 
adrenergic nerves (see earlier references). The lack of 
potentiation of the response to tyramine is in 
agreement with this explanation since calcium is not 
involved in the release of transmitter by this drug. 

The phentolamine-sensitive rise in tone with con- 
centrations of TEA above 5 mM is probably due to a 
direct liberation of noradrenaline by TEA. Such con- 
centrations are likely to cause depolarization and 
instability of the terminal nerve membrane and this 
instability alone would increase the spontaneous 


liberation of transmitter. This instability might be 
sufficient to induce spontaneous action discharge but 
previous work suggests that higher concentrations of 
TEA are normally necessary for this (Beaulieu & 
Frank, 1967a). The phentolamine-resistant component 
of the stimulant action of TEA suggests an additional, 
direct, action on the smooth muscle. TEA has been 
reported to stimulate other smooth muscles; the 
guinea-pig ileum (Collins, 1948; Beleslin & Rakié, 1969, 
the guinea-pig stomach (Ito, Kuriyama & Sakamoto, 
1970) and the bovine trachea (Kirkpatrick, 1975. The 
probable mechanism suggested by Kirkpatrick (1975) 
and Ito et al. (1970) is that TEA abolishes the 
rectifying properties of the muscle membrane by 
reducing the normally high potassium permeability. 
The result is some depolarization but more 
dramatically an instability of the membrane so that, 
for example, muscles previously incapable of 
generating spike potentials can now do so. Consistent 
with such an explanation is the finding that the 
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anococcygeus normally has a stable membrane 
potential, rarely generates spike potentials and these 
never show overshoot. In the presence of TEA the 
muscle is depolarized and generates large spike 
potentials with several millivolts of overshoot (Creed, 
Gillespie & Muir, 1975). It is only to be expected that 
in such circumstances the muscle would develop 
spontaneous tone. 

We found little or no potentiation of the response to 
noradrenaline. In the cat spleen (Thoenen et al., 1967) 
and the rabbit pulmonary artery (Bevan, 1963), TEA 
in addition to increasing transmitter release caused a 
two- to six-fold increase in sensitivity to noradrenaline. 
The lack of potentiation in the experiments described 
here is all the more surprising in view of the direct 
depolarizing effect of TEA on the muscle and the 
appearance of spikes with overshoot; effects which 
would be expected to be synergistic with any other 
depolarizing agonist. However, other workers have 
reported a failure of TEA to potentiate some agonists 
while markedly augmenting others on the same tissue 
(Collins, 1948). 

TEA reversed the blocking action of both 
phentolamine and guanethidine; a similar reversal of 
guanethidine block by TEA has been reported in the 
guinea-pig vas deferens (Maanen & Werty, 1966). An 
increased release of transmitter with more effective 
competition with phentolamine would be a sufficient 
explanation of the reversal of post-synaptic block by 
TEA. The mechanism of guanethidine reversal is less 
obvious. It may be the augmented nerve action 
potential allows entry of calcium over a longer period 
and the resulting increase in neurosecretory coupling 
efficiency together with the post-synaptic hypersen- 
sitivity characteristic of guanethidine is sufficient 
explanation. A more interesting alternative is that the 
antagonism is more specifically related to the mode of 
action of guanethidine and involves an increase in the 
mobility of calcium within the membrane as suggested 
by Beaulieu & Frank (1967b). A similar hypothesis 
might account for the reduction by higher con- 
centrations of TEA of the inhibitory response to field 
stimulation. Beaulieu & Frank (1967b) have called 
attention to the paradoxical effects of TEA which 
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produces membrane instability in muscle and nerve in 
a way reminiscent of low calcium, yet appears able to 
potentiate the effects of calcium in, for example, the 
release of neurotransmitter or the restoration of 
potassium contractures previously abolished by low 
calcium. Beaulieu & Frank (1976b) suggest both 
phenomena are the result of a single action of TEA, 
the displacement of calcium from binding sites in the 
membrane. This causes membrane instability but at 
the same time the displaced calcium is made available 
within the cytoplasm for excitation-contraction or 
excitation-secretion coupling. If this explanation is 
correct then the mode of action of the inhibitory 
transmitter may be to increase calcium binding to the 
membrane, and TEA may be a relatively specific 
antagonist. 

One other action of TEA was to inhibit the response 
to carbachol in a competitive fashion suggesting an 
atropine-like action on muscarinic receptors. Among 
the earliest work on TEA are reports of just such an 
effect (Schüller, 1920; Kiilz, 1922). However, these 
experiments were on amphibian tissue (frog rectum, 
frog heart) and a similar atropine-like action on the 
blood pressure and pupil of the cat could not be 
confirmed (Hunt & Renshaw, 1925). We have been 
unable to find convincing reference in the literature of 
an atropine-like action in the mammal. It may be that 
pre-existing parasympathetic tone potentiated by TEA 
has obscured the post-synaptic blocking effect just as at 
the skeletal neuromuscular junction the pre-synaptic, 
anti-curare action can obscure the curare-like block by 
TEA. 

Finally, the site of action of TEA should be 
considered. TEA penetrates cells only with difficulty 
and when introduced by iontophoresis its effects are 
slow to develop and difficult to reverse (Kleinhaus & 
Prichard, 1975). All of the effects reported in this 
paper were rapid in onset and easily and completely 
reversed by washing, suggesting the effects were 
exerted on the outside of the various cell membranes. 
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1 The kinetics of action of some competitive muscarinic and histamine antagonists were examined on 
guinea-pig isolated ileum and their behaviour compared with the predictions of the interaction-limited 
model described by Paton (1961). 

2 The kinetics of antagonism were not consistent with the predictions of this model: (1) The apparent 
dissociation rate constant calculated from the decrease in occupancy on washout was not independent 
of the concentration of antagonist. (2) The dissociation rate constant of a ‘slow’ antagonist calculated 
from the change in occupancy when a ‘fast’ antagonist was superimposed varied with the concentra- 
tion of fast antagonist. (3) If the concentration of slow antagonist was increased when the fast 
antagonist was superimposed so that the equilibrium occupancy of the ‘slow’ was the same as before, a 
transitional phase was observed. 

3 The kinetics of antagonism were observed in longitudinal muscle strips and intact pieces of ileum, 
bathed in Tyrode or Krebs solution, and with isometric and isotonic recording. No evidence was found 
that the discrepancies between the interaction-limited model and the observed kinetics could be 
accounted for by the experimental method used. 

4 Itis therefore concluded that either access is rate-limiting in these circumstances or, if interaction is 
rate-limiting, some alternative interaction-limited model is required to describe the kinetics of 
antagonism. In either case it would seem unwise at this time to calculate antagonist-receptor rate 
constants from the observed kinetics of antagonism. 


Introduction 


If the mathematical model derived by Paton (1961) 
based on a simple mass action relationship describes 
how a competitive antagonist combines with its 
receptors, the affinity constant, K, of the antagonist 
will be the ratio of two constants, k, and k_, the rate 
constants describing the rate of association and 
dissociation from the receptors. Furthermore, if the 
kinetics of antagonism on an isolated tissue is limited 
by the rate at which the antagonist interacts with the 
receptors, values of kı, (and hence k, as 
K =k,/k_,), could be calculated from the observed 
kinetics of antagonism and differences in affinity 
between antagonists could be related to differences in 
k, and kı separately (Paton, 1961; Paton & Rang, 
1965). 

Despite apparent agreement with this model in 
certain circumstances (Paton, 1961; Paton & Rang, 
1965; Rang, 1966; Ginsborg & Stephenson, 1974) 
certain serious discrepancies have led to the 
suggestion that it is the rate of access to the receptors 
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which governs the kinetic behaviour of antagonists 
(Thron & Waud, 1968). The following study was 
therefore undertaken to provide further evidence as to 
whether access to the receptor or interaction with the 
receptor normally limits the kinetics of competitive 
antagonists on guinea-pig ileum and hence whether it 
is reasonable to calculate rate constants from the 
observed kinetics. Part of this work has been 
communicated to the Pharmacological Society 
(Roberts & Stephenson, 1974). 


Methods 


Intact pieces of ileum or longitudinal muscle strips 
were prepared from 150 to 400g guinea-pigs as 
described by Edinburgh Staff (1968) and Paton & 
Rang (1965). The preparations were suspended in an 
organ bath containing a bathing solution at 36°C. 
Usually a Tyrode solution bubbled with air and of the 
following composition was used: (mM) Na* 149.2, Kt 
2.7, Mg% 1.1, Ca*+ 1.8, Cl 143.2, HCO; 11.9, 
H,P0,7- 0.4, SO,?- 1.1, glucose 5.6 and 27.6 hexa- 
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Figure 1 


The onset of action of lachesine illustrating the method used to follow the kinetics of antagonism. 


There is a gap in the trace of 28.5 minutes. The paper drive to the potentiometric recorder was on from Just 
before the agonist was added to Just after washout. The concentrations of agonist used are Indicated above the 


responses —-M X 107, (le. 4=4 x 1077 M). 


methonium bromide. Alternatively a Krebs solution 
bubbled with 95% O, and 5% CO, was used: (mM) 
Nat 155.8, K+ 5.6, Mg?*+ 1.1, Ca?t 2.2, CI- 162.1, 
HCO,~ 1.79, glucose and 1077 M atropine. 

Events in the organ bath were controlled by 
automatic apparatus and the responses were recorded 
in an analogue and digital form (Stephenson, 1968; 
Abramson, Barlow, Mustafa & Stephenson, 1969). 
The fluid in the bath was changed at the appropriate 
time by upward displacement and overflow with the 
bathing solution, either alone or containing drug(s) at 
predetermined concentrations. The agonist was in 
contact with the tissue for 17s before being washed 
out twice, with a 30 s interval between the washings. 
The agonist (either carbachol or histamine as 
appropriate) was applied every 90 seconds. 

In most experiments the responses produced by the 
agonist were recorded with an isotonic lever with a 
differential transformer as a transducer. A weight of 
between 0.5 and 0.8 g was used to load the lever when 
intact pieces of ileum were used, and between 0.2 and 
0.5g when muscle strips were used. Alternatively, 
where specified, an isometric transducer was used 
(Devices Physiological Transducer 2.8,T.O.2). 

The organ bath was connected via a two-way 
stopcock to either of two sets of 5 reservoirs, 4 


containing agonist and one without. Turning the 
stopcock enabled a quick change to be made from a 
set of solutions not containing antagonist to a set all 
containing antagonist or vice versa. Similarly a change 
could be made from a set with one antagonist to a set 
with two. 

Initially three concentrations of agonist were used 
as shown in Figure 1, the responses being within the 
‘linear’ region of the log dose-response curve. When 
the tissue had settled down, usually in about 2—3 h, 
one concentration of agonist was repeated a number 
of times. The stopcock was then turned, usually during 
a contraction so that the peak of the following 
contraction occurred 90 s after the change. The estab- 
lishment of the new equilibrium was followed by 
changing the concentrations of agonist applied so that 
the response size remained within a narrow range. 

To follow the kinetics of onset and offset of 
antagonism the tissue was set up in the absence of 
antagonist and a log dose-response curve plotted 
from the last sequence of responses before the 
antagonist was added. A certain concentration of 
antagonist was then introduced and the dose-ratio, 
DR,, corresponding to each response during onset 
determined from the curve and the corresponding 
antagonist occupancy Pt calculated from the formula 


P 


Pi = (DR; — IDR When equilibrium was 
established the antagonist was removed and offset 
followed in a similar way. 

Occupancy changes during each experiment were 
plotted using the convention of Paton & Rang (1965). 
Values of (Pæ ~— pt) or p, during onset or offset 
respectively were plotted on a log scale against time. If 
the relationship between log occupancy and time 
appeared to be reasonably linear time constants for 
the development and decline in occupancy were 
determined from the slopes of straight lines drawn 
through the points by eye. In those experiments where 
there did not appear to be a reasonably linear 
relationship, time constants corresponding to the 
initial rate were calculated from the first three 
responses (for lachesine or antazoline) or from the first 
response (for pentyl triethyl ammonium iodide (pentyl 
TEA)). 

When studying the offset of benziloyltropine 
methyliodide (BTrMe) on superimposition of pentyl 
TEA, the tissue was initially equilibrated with a certain 
concentration of BTrMe. The fast antagonist was then 
superimposed and the change in dose-ratio followed. 
The offset was not followed to equilibrium in all experi- 
ments. 

A log dose-response curve was plotted from the last 
sequence of responses before the changeover and 
dose-ratios corresponding to each subsequent 
response determined relative to this curve. BTrMe’s 
occupancy corresponding to the response at time t 
after the changeover, ps t, was calculated from this 
dose-ratio in the following way: If As and A S+F,t are 
the concentrations of agonist required to produce the 
same response in the presence of the slow antagonist 
alone and in the presence of slow and fast at time f¢ 
after the changeover, the observed dose-ratio DR, will 
be equal to Ag+p,t/Ag. If a is the concentration of 
agonist which would have been required to produce 
the same response in the absence of antagonists and 
AS+F, t/a i is called DReis 4 and As /a is called DRs: 
DRt= As+f t/AsL =DRe+gt/DRs. DRe+st_ is 
equal to the reciprocal of the proportion of free 
receptors, ie. DRrigt=1/(1 —pst- pr) and 
similarly DRs, = 1/(1 — ps) = 1 + cg Kg). There- 
fore the observed dose-ratio 


DRz= 1/[(1 — Ps, -prl +esKs)]” 


If it is further assumed that the fast antagonist is at 
all times in equilibrium with the receptors not occupied 
by the slow, pp=cpKpll -Ps o/(l+crKp). 
Therefore knowing cp, Kp, Kg and the observed dose- 
ratio DR,, BTrMe’s occupancy at time f, Pg, can be 
calculated. 

The value of Kp used was 3.6 x 10* M~}. This cor- 
responds to the mean of 24 estimations using con- 
centrations of pentyl TEA between 0.3 x 10-4 M and 
8x 10~mM (mean+s.e. mean, 3.69+0.15 x 10* M>). 
This value agrees with that obtained by Abramson et 
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al. (1968), (Log K=4.588; K=3.87x 10‘ m~}). 
However, when higher concentrations of pentyl TEA 
were examined the mean dose-ratio was lower than 
expected. For instance the mean dose-ratio produced 
by 30x 10*M was 53.7 (n=6) and not around 110 
as expected. The reason for this change in apparent 
affinity is not clear as it did not appear to be 
associated with a change in slope of the log dose- 
response curve and was not more marked if agonists 
such as pentyl or hexyl trimethylammonium (both 
lower efficacy than carbachol) were used instead of 
carbachol. Pentyl TEA was originally selected as the 
fast antagonist in our experiments because it was the 
weakest readily available and so potentially the fastest; 
potent antagonists such as atropine with affinities 
around 10° M~! and upwards are very slow whereas 
faster antagonists have lower affinities than this. How- 
ever, the kinetics of some antagonists, such as desoxy- 
lachesine, with affinities in the 107—108 M-' range, were 
subsequently found to act just as fast as the less potent 
pentyl TEA. It would therefore have been better to use a 
more potent antagonist than pentyl TEA, not only to 
avoid the anomalous dose-ratios produced by high 
concentrations but also to avoid the very large amounts 
of pentyl TEA used. 

The value of Kg used was 1.5x 10!°mM~!. This 
corresponds to the mean of 27 estimations using 
concentrations of BTrMe between 10x 10-° and 
200x 10-1°M (mean+s.e. mean = 1.55+0.17x 
101° m—!). This is somewhat lower than the value of 
2.36 x 10m~! obtained by Barlow & Mustafa (1968), 
but with these values of Kg and Kp the antagonists 
produced the expected combined dose-ratios even when 
concentrations of pentyl TEA greater than 8 x 10-* M 
were used. 

For each experiment values of (05 + — Pg,0) were 
plotted on a log scale against time and as there was a 
reasonably linear relationship, time constants were 
determined from the slopes of the straight lines drawn 
through the points by eye. 

As lachesine equilibrates so much more rapidly 
than BTrMe it was possible to follow first the onset of 
action of lachesine and then its offset on superimposi- 
tion of pentyl TEA. Values of Ps ; were calculated as 
above but using the equilibrium dose-ratios produced 
in that experiment by lachesine alone and in 
combination with pentyl TEA to estimate (1 + cgKs) 
and (l+cpkKy). The value of (1+cpky) was 
consistent with the equilibrium dose-ratios produced 
by pentyl TEA alone even when high concentrations 
of pentyl TEA were used. This is therefore different, 
for some unknown reason, from the combination of 
pentyl TEA with BTrMe. Values of (pg ; — p..) were 
plotted as before but Ty¢¢ was calculated from the first 
three responses after the changeover since the relation- 
ship between log occupancy and time was not reason- 
ably linear. The offset of lachesine on superimposition 
of desoxylachesine and octyl TMA was followed in 
a similar way. 
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The following drugs were kindly provided by Dr 
R.B. Barlow: benziloyltropine methyliodide (BTrMe); 
diphenylhydroxyacetoxyethyl dimethylethyl- 
ammonium bromide (lachesine); diphenylacetoxy- 
ethyl dimethylethylammonium iodide (desoxy- 
lachesine); n-octyl trimethylammonium iodide (octyl 
TMA); n-pentyl triethyl ammonium iodide (pentyl 
TEA). Other drugs used were: antazoline hydro- 
chloride (Ciba), atropine sulphate (BDH), 
carbaminoylcholine chloride (carbachol, BDH), hexa- 
methonium bromide (Koch-Light), mepyramine 
maleate (May and Baker). 

The following notation is used: 

c, Cs, Cp the concentration of a drug, of a slow 
antagonist and of a fast antagonist (M). 

Po» Pt Do the proportion of receptors occupied by a 
drug initially, after a time ¢ and at equilibrium. 

Ps, pp the proportion of receptors occupied by a 
slow antagonist and a fast antagonist. 

DR+ DR the dose-ratio produced by an antagonist 
at time ¢, and at equilibrium. 

DRy+g, DRg, DRg the combined dose-ratio 
produced by a fast and a slow antagonist acting 
together, by a fast alone, and a slow alone, all at 
equilibrium. 

K, Ks, Kr the affinity constant of an antagonist, of a 
slow antagonist and of a fast antagonist (M~?). 

kı, k-ı the antagonist receptor association and 
dissociation rate constants (s~!m—!, s~?). 

Ton: Toff the time constant describing an increase or 

decrease in occupancy (s or min). 


I The kinetics of onset and offset of antagonism 


Paton (1961) observed that, contrary to the 
predictions of the interaction-limited model, the rates 
of offset from high concentrations of atropine and 
mepyramine were not independent of the antagonist 
concentration and he suggested that this was due to 
appreciable intracellular uptake. These antagonists 
have therefore been re-examined together with 
quaternary compounds with which it was hoped to 
minimize this complication. 


Theory 


tf the rate of association and dissociation from the 
receptors determines the rate of increase or decrease 
of an antagonist’s occupancy when it is added or 
removed from the bathing solution surrounding an 
isolated tissue then, (Paton, 1961), during onset: 


Pt = Po(1— exp[—(kyc + k-1)t]) 
and during offset 


Pt = Po expl- kit] 
Therefore 
l}. The antagonist’s occupancy should change ex- 


ponentially during both the onset and offset of 
antagonism, 
2. As the time constant for offset Tog is equal to 
1/k_, it should be independent of concentration. 
3. The ratio Toff/Ton should be equal to the 
equilibrium dose-ratio. 

If access were rate-limiting the predicted behaviour 
would depend on the particular access model being 
considered. 


Results (1) 


As shown in Figure 2 and Table i the kinetics of 
antagonism do not appear to be consistent with the 
interaction model. In particular, following the onset 
from higher concentrations of BTrMe the rate of offset 
became faster and following higher concentrations of 
atropine, antazoline, lachesine, mepyramine and 
pentyl TEA the rate of offset became slower. 

The increasing rate of recovery following exposure 
to higher concentrations of BTrMe is surprising as, at 
any time after about 10 min from the beginning of the 
washout period, the tissue is actually more sensitive to 
carbachol after having been treated with a high than a 
low concentration of BTrMe. As this was not 
observed when longitudinal muscle strips were used 
instead of intact pieces of ileum (Section IV, Table 5), 
the kinetics of BTrMe on intact pieces of ileum was 
reinvestigated subsequently and again the same 
observation was made. 

These differences cannot be attributed to a change 
in affinity as significant differences in apparent affinity 
were not observed except with pentyl TEA (see 
Methods section). With pentyl TEA the rates of offset 
became appreciably slower at concentrations well 
below that at which this change in affinity was observed 
and so cannot be totally attributed to it. 

In addition these discrepancies cannot be explained 
by intracellular uptake as they are not restricted to the 
non-quaternary compounds, as the change in rate of 
offset of BTrMe was not associated with a decrease in 
the time to which the tissue was exposed to the 
antagonist (about 3 h) and also increasing the time to 
which the tissue was exposed to 1x 104M pentyl 
TEA from 9 to 30 min did not appear to influence the 
subsequent rate of offset. 

Again, contrary to the predictions of the interaction 
limited model, some of the plots in Figure 2 do not 
appear to be linear but in view of the unavoidable 
changes in the sensitivity of the tissue with time, non- 
linearity of semilogarithmic plots for antagonists as 
slow as BT rMe is difficult to interpret. However, pentyl 
TEA and antazoline are so fast that the curvature of 
such offset plots can hardly be attributed to a change 
in sensitivity. The non-linearity of the onset plots with 
BTrMe and lachesine may also be an artifact as the 
time taken for equilibrium to be established was 
considerably less than that predicted from the 
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Figure 2 The kinetics of onset and offset of six antagonists Illustrating the relationship found between 
occupancy plotted on a log scale and time. The mean occupancy at the time corresponding to each response 
was calculated from the results of the individual experiments in each group (Table 2). These values are plotted 
using the convention of Paton & Rang (1965): for onset (closed circles) values of (Poo ~ P+), and for offset 
{open circles) values of o, were plotted on a log scale against time. If interaction were rate-IImiting there would 
be a linear relationship between occupancy plotted on a log scale and time. Also Top would be constant for 
each antagonist. BTrMe =benzlloyitropine methyllodide; Penty! TEA =n-pentyl triethyl ammonium iodide. 
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occupancy plots. This may be due to the way in which 
the equilibrium occupancy was obtained, In these 
experiments, after an initial period during the onset 
using one concentration of agonist, three were then 
used until equilibrium appeared to have been 
established. This could be held to have produced, by 
desensitization or some such effect, a larger apparent 
equilibrium dose-ratio than would otherwise have been 
obtained and this would have induced curvature into 
the onset plots. 


« 


II The ‘displacement’ of a slow antagonist on super- 
imposition of a fast 


Thron & Waud (1968) suggested that if access rather 
than interaction is rate-limiting the large concentration 
gradient resulting when a potent slow antagonist is 
‘displaced’ from the receptors on superimposition of a 
fast antagonist might accelerate the removal of the 
slow antagonist from the tissue as compared to simply 


washing out the slow antagonist. This prediction has 
been investigated. 


Theory 


If interaction were rate-limiting and a fast antagonist 
superimposed on a tissue previously equilibrated with 
a very much slower antagonist, the fast antagonist can 
be considered to equilibrate instantaneously with the 
receptors not occupied by the slow. This would cause 
the ‘displacement’ of the slow antagonist according to 
the following equation (Rang, 1966): 


Ps,t = PS,0 ~ (Pg, ~ Ps,o) 
(exp[—k-1t(1 + egkg + cpK g) + crkKp)] 


and the fast antagonist would be at equilibrium at all 
time with the receptors not occupied by the slow. 

If access were rate-limiting, although the predicted 
behaviour would depend on the particular model, the 
values of kı obtained in this way might be expected 
to be larger than those obtained in I. 


Table1 The kinetics of onset and offset of six antagonists. (Values are mean + s.e. mean). 


Concentration Time constant 
of antagonist for onset (r,,,) 
n (m) {min} 
Atropine 
1 1.44x 107° 7.5 
1 14.4 x 10° 1 
3 144x1078 
3 1440 x 107° 
BTrMe 
6 1x10- 27465 
5 2x10 1242 
3 4x10 641 
Lachesine 
5 0.5 x102 6.7 +0.9 
7 1x 10-8 5,7 +40.4 
16 2 x 10-8 3.7 +40.3 
Pentyl TEA 
4 0.3 x 10-4 
3 1x10 
4 2.5 x 1074 
4 4x10 
5 8x10 
4 30x 107+ 
Antazoline 
6 9.4x 1078 
6 94x 107% 
Mepyramine 
6 8.8 x 10779 3.54+0.1 
10 88 x 107-7 0.6 + 0.01 
4 880 x 10719 


Time constant Equilibrium 
for offset (Tott)  To#¢/Ton dose-ratio 
{min} *(s) (DR co} 
17 2.3 2.6 
20 20 21.4 
45+2 355 3.2 
437 +93 3044 +62 
398 + 82 TS +2 16+1 
120+7 1S +2 36+4 
7045 T22 60+2 
25.5+2.7 4.0+0.7 4.8+0.4 
22.3+4.4 4,040.7 7.4+0.8 
25.6+3.0 7.6+1.0 14.9+1.0 
*17+4 2.8 +40.5 
*18+2 4.4 40.2 
*3349 11.1+0.6 
*44 +12 14.2 +40.4 
*36 +8 27.9+2.8 
*594+17 49.4 45.2 
6.6 + 0.4 5.8 +40.4 
42.64 2.7 40.7+1.6 
13.4+0.8 4.0403 3.5+0.1 
35.94+3.3 59.2464 268541.6 
207 428 215419 


BTrMe=benziloyitropins methyliodide; pentyl TEA = n-penty! triethyl ammonium iodide. 
* If Interaction were rate limiting, 7... would be equal to 1/k_, and so would be constant. Also Totf/fon would be 


equal to DR oo. 


i 


Results (1) 


Although the offset of BTrMe’s occupancy on super- 
imposition of pentyl TEA was reasonably exponential 
(Figure 3) the rate of offset was accelerated as 
compared with simply washing out BTrMe (Table 2). 
The degree of acceleration mcreased with the concen- 
tration of pentyl TEA, approaching a limiting value 
of about 20 min (Figure 4). 

The offset of lachesine’s occupancy on superimposi- 
tion of pentyl TEA was not considered to be 
sufficiently exponential for time constants to be 
calculated from the mean slope of the semilogarithmic 
plots (Figure 5). Time constants corresponding to the 
initial rate were therefore calculated from the first 
three responses following the superimposition of 
pentyl TEA. These correspond to rates faster than 
would be predicted from the rate of recovery on 
removal of lIachesine from the bathing solution 
(Figure 6 and Table 1). The limiting value of k_; for 
lachesine shown in Figure 6 is remarkably similar to 
that calculated by Paton & Rang (1965) from the rate 
of offset on removal of lachesine from the bathing 
solution. It is thus possible that some condition in 
Paton & Rang’s experiments which we were unable to 
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Figure 3 The kinetics of offset of benziloyltroplne 
methyliodide (BTrMe, 4x10 m) when varlous 
concentrations of n-pentyl triethyl ammonium iodide 
(pentyl! TEA) were superimposed. The mean 
occupancy of BTrMe at the times corresponding to 
each response (pc ,) were calculated from the 
individual experiments in each group (Table 2). The 
values Of{pg ,t — Pælare plotted on a log scale against 
time. if BTrMe’s Interaction with the receptors were 
rate-limiting there would be a linear relationship 
between occupancy plotted on a log scale against 
time. 


Table2 The kinetics of offset of benziloyitropine methyliodide (BTrMe) on superimposition of n-pentyl 
triethyl ammonlum lodide (pentyl TEA). (Values are mean + s.e. mean). 


Concentration of 


BTrMe (cs) 
n (m) 
5 0.6 x 10-* 
4 
4 
4 
5 
4 1x 10% 
4 
6 
4 
4 
6 
4 
11 2x10- 
9 
8 
8 
5 4x102 
5 
5 
4 
3 


If Interaction were rate-IImiting, Tott tegkKs teeKe)/(1+eeK-) would be equal to 1/k_, and so would be 


constant, 
5 


Concentration of |- + csKsg +tcgeK l 
pentyl TEA (ce) Toff ~ teeke 
(m) {min} 
2.2 x 10+ 136.44 23.4 
2.5 x 10+ 100.0 +26.7 
5.4 x 104 95.54 17.2 
10.3 x 10+ 63.0+ 8.4 
25.0 x 10+ 33.2+ 6.7 
1.3 x 10+ 148.5 + 22.0 
2.5 x 10~* 124.5+21.3 
3.3 x 10~ 132.4+ 18.8 
6.0 x 10+ 119.34+16.3 
7.8 x 10+ 85.3+ 8.4 
14.0 x 10+ 48.7+ 6.8 
25.0x 10 30.54 7.8 
2.5 x 10-4 84.2+ 8.4 
6.0 x 10-4 113.7 +16.7 
14.0 x 10+ 48.0+ 5.5 
25.0 x 10+ 43.3+ 7.2 
4.8x10-* 78.44 19.7 
11.5x 10+ 53.0+ 8.1 
26.5 x 10 29.8+ 4.5 
35.0 x 10% 23.84 3.8 
45.0x 10+ 21.3+ 0.9 
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Figure 4 The relationship between the rate of 
offset of benzlloyltropine methyliodide (BTrMe) on 
superimposition of n-pentyl triethyl! ammonium iodide 
(penty! TEA) and the concentration of pentyl TEA. 
Mean values ofroi tegKg tepK e)/M +eckK ep) 
(Table 2) are plotted against cp. The initial concen- 
tratlons of BTrMe used, cs are Indicated as follows: 
(@) 6x 10-7; (HM) 10x 107% M; (A) 20x 107 M; 
(O) 40 x 10-1°M. If BTrMe’s Interaction with the 
receptors were rate-limiting toll teeKe + 
csKs)/l1 +cpKp) would be equal to 1/k_, and so 
would be constant and independent of cp. 


reproduce had the effect of greatly reducing the delay 
in drug access. 

In view of the anomalous dose-ratios produced by 
high concentrations of pentyl TEA, the rates of offset 
of lachesine on superimposition of the different fast 
antagonists octyl TMA or desoxylachesine, were 
observed. These appeared to combine with lachesine 
as expected for two competitive antagonists: 


DRrig=DRet+DRg-—laltegKgtcpkg. 
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Figure5 The kinetics of offset of lachesine 
{1 x 10-3 M} when various concentrations of n-penty! 
tdethy! ammonium iodide (penty! TEA) were super- 
imposed. The mean occupancy of lachesine at the 
time corresponding to each response was calculated 
from the results of the individual experiments in each 
group (see Figure 6). Mean values of (ps + — Ps,o) 
are plotted on a log scale against time. If lachesine’s 
Interaction with the receptors were rate-llmiting there 
would be a linear relationship between occupancy 
plotted on a log scale against time. 


The rates observed (Table 3) are consistent with those 
obtained with pentyl TEA and so there is no reason to 
believe that the acceleration observed can be 
attributed to anomalous behaviour of pentyl TEA. 


Table 3 The rate of offset of lachesine (2 x 10-* Mm) on superimposition of n-octyl trimethylammonlum lodide 


(octyl TMA) or desoxylachesine 


Fast antagonist Concentration of 


fast antagonist Toff | 


f cg) 
n (m) 
4 Octy! TMA 8.9x 10+ 
4 Octyl TMA 16x 10+ 
4 Dasoxylachesine 4x10 


1 +csKs teeX-] Observed Calculated 
Ttek, dose-ratio dose-ratio 
E + ¢gks + dad 
+ 
(min) 1 +esks 
8.1 +2.7 3.5+0.6 4.3 
4.341.6 7.8+1.0 7.6 
2.6+0.5 10,1+0.9 11.9 


it was assumed that for lachesine Ks =8.6 x 10° m—', (the mean value of K+3.e, mean of 26 estimations was 
6.86 +0.4 x 108 m-t), for octy) TMA Kp =6.3x10*m~' (Stephenson, 1956), and for desoxylachasine 
Ke =4x 107 m-, (the mean value of K + s.e. mean of 16 estimations was 4.0+ 0.3 x 10? m1). 
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Å 
! z : 
° I 
a 10 20 
Concentration of pentyl TEA (Cr) 
(Mx 10°) 


Figure 6 The relationship between the rate of 
offset of lachesine on superimposition of varlous 
concentrations of n-penty! trethy! ammonium iodide 
(pentyl TEA), and the concentration of pentyl TEA 
Mean values are shown (n=:3). Vertical lines show 
8.8. mean. The initial concentrations of lachesine, cs 
are indicated as follows: (@) 0.5x10-*m: (I) 
1x 10-8 M; (a) 2x 10-8 M. If interaction were rate- 
limkting!'ro¢(1 + egks teeK e)/(1+cee¢K¢) would be 
equal to 1/k_, and sọ would be Independent of cr. 
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The calculations assume that the fast antagonist is 
so much faster than the slow that it can be considered 
to be in equilibrium at all times with the receptors not 
occupied by the slow. As the onset of all the concen- 
trations of pentyl TEA examined were too fast to be 
measured this assumption is considered reasonable. 


HI The interaction between BTrMe and pentyl TEA 


The interaction between BTrMe and pentyl TEA was 
also followed with a slightly different procedure from 
that in I. As before the tissue was initially equilibrated 
with a concentration cg’ of BTrMe but when the con- 
centration, cp, of pentyl TEA was superimposed the 
concentration of BTrMe was increased to cs", cs" 
being equal to cg'(l+cpKp), Kp =3.6x 10% m~. In 
this way the occupancy of BTrMe ın equilibrium with 
the fast should be the same as before, although the 
total occupancy is increased. 

Therefore if interaction were rate-limiting, although 
the fast antagonist would equilibrate very quickly with 
the receptors not occupied by the slow, the increased 
concentration of BTrMe would prevent it being 
‘displaced’. As BTrMe’s occupancy is unaltered the 
degree of antagonism would change from one level to 
the next with no intermediate transitional stage. 

If access were rate-limiting the concentration of fast 
antagonist in the proximity of the receptors would rise 
quickly to its equilibrium level and so the fast would 
equilibrate quickly with the receptors not occupied by 


Table 4 The interaction between benzlloyltropine methyliodide (BTrMe) and n-pentyl triethyl! ammonium 


iodide (pentyl TEA) 





Initial Concentration of  *Size of Observed Calculated 
concentration of superimposed transitional dose-ratio dose-ratio 
BTrMe (cg!) pentyl TEA (ce) stage (+s.e. mean) | +teg”Kg+ ded 
T+eg'Ks 

n (m) (m) =(1+cpKp) 

1 2x10 1x10 1.1 4,7 4.6 

1 2x107 4x10 1.2 

1 4x 10-8 a 17.94 6.1 15.4 

2 1x10 8x10“ 1.5, 1.4 

1 2x10 2.5 39.44+3.2 29.8 

2 4x 10-9 2.6, 2.8 

3 1x10 16x 10~ 1.7,3.1,2.0 

2 2x10 a May ee 56.3 + 87.3 58.6 

2 4x107 3.1, 1.7 


*The ratio of the equilibrium dose-ratio to the dose-ratio corresponding to the first response after the 
changeover gives an estimate of the size of the transitional stage. H Interaction were rate-ilmiting the degree of 


antagonism would change from one level to the next with 


no transitional stage {l.e. ‘size’ = 1). 
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Figure 7 The Interaction between benzlloyitropine methyliodide (BTrMe) and n-penty!l triethyl ammonium 
iodide (pentyl TEA), the concentration of BTrMe being adjusted as shown. There is a gap in the trace of 57 
minutes. The paper drive to the potentiometric recorder was on from just before the agonist was added to Just 
after washout. The concentrations of agonist used are Indicated above the responses — Mx 10’. If BTrMe’s 
interaction with the receptors were rate-limiting, on superimposing pentyl TEA the degree of antagonism 
would change fromone level to the next with no transitional stage. 


the slow antagonist. The concentration of slow in the 
proximity of the receptors would, however, only rise 
slowly to its new level and so, because of this lag, the 
fast antagonist would initially ‘displace’ the slow 
antagonist from the receptors, the slow antagonist’s 
occupancy being subsequently restored as its con- 
centration in the proximity of the receptors rises to its 
new level. 


Results (I) 


When the concentration of fast antagonist was 
sufficiently large a transitional stage was observed 
(Figure 7, Table 4). This stage is consistent with that 
expected if access were rate-limiting. The extent of the 
initial displacement increased with the concentration 
of pentyl TEA as would be expected from Figure 4. 
Subsequently BTrMe’s occupancy was slowly restored 
to a level consistent with that calculated taking K p as 
3.6 x 10‘ M—1. In view of the very fast rate of onset of 
pentyl TEA it is unlikely that the transitional stage 
reflects the kinetics of this antagonist. Also the dose- 
response curve appeared to have shifted in a parallel 
manner following the superimposition of the fast 
antagonist and so there is no reason to believe that the 
agonist exposure time was insufficient for an 
equilibrium to be established. 


IV The effect of experimental method on the kinetics 
of antagonism 


The results of kinetic studies by different groups of 
workers show large differences. For instance Paton 
(1961), using intact pieces of ileum, found that on 
washout atropine’s occupancy declined with a half 
time of about 40 min whereas Paton & Rang (1965), 
using muscle strips, observed half times of about 7 min 
although the equilibrium constants were about the 
same. It was therefore suggested that the observed 
kinetics varied with the preparation used. In addition 
the studies of Beraldo & Rocha e Silva (1949) and of 
Paton & Rothschild (1965) suggest that the kinetics 
of antagonism are influenced by the composition of 
the bathing fluid. The effect of experimental method 
on the kinetics of antagonism was therefore 
investigated in order to determine whether the dis- 
crepancies between the observed kinetics and the 
interaction-limited model were associated with the 
method used. 


Results (IV) 
The kinetics of BTrMe was examined using muscle 


strips and an isometric transducer instead of intact 
pieces of ileum and an isotonic lever. Both onset and 


offset (Table 5) were slower than those obtained with 
intact pieces of ileum (Table 1), and the rate of offset 
did not appear to depend on the concentration. 
Nevertheless interaction cannot be rate-limiting as the 
values of Tore are again considerably larger than 
predicted from the rate of offset on superimposition of 
high concentrations of pentyl TEA. 

Since BTrMe leaves the receptors slowly the agonist 
may fail to achieve equilibrium with the receptors. 
Such a failure would produce a non-parallel shift in the 
log dose-response curve with a depression of the 
maximum response. Also the speed of contraction is 
sometimes reduced. Experiments were performed to 
determine the minimum concentration of BTrMe at 
which such effects occurred. With the isotonically 
loaded intact ileum this was found to be about 
2x 10-*mM which is comfortably above the concen- 
tration used in the experiments recorded in Table 1. 
With isometric muscle strips the effects occurred with 
much lower concentrations of BIrMe, down to 
5x 10° M, just above the concentrations used in the 
experiments summarized in Table 5. However, in the 
experiments of Table 5 there was no indication of 
failure of the agonist to achieve equilibrium and so it 
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seems unlikely that such an effect could be responsible 
for the difference between these results and those of 
Table 1. The difference might be a consequence of 
varying degrees of damage during the preparation of 
the tissue perhaps causing changes in the ionic content 
of the tissue. 

The kinetics of lachesine was also investigated 
under different conditions. In each experiment two 
pieces of ileum from the same animal were used to 
follow the onset and offset of action of 2x 10- M 
lachesine and its rate of offset on superimposition of 
15x 10*M pentyl TEA. The four combinations of 
lever (isotonic or isometric) and preparation (intact 
pieces of ileum or muscle strips) were investigated first 
in Tyrode solution, the order of the experiments being 
determined randomly. Subsequently the kinetics of 
lachesine were investigated in Krebs solution. In none 
of these experiments (Table 6) was the kinetics of 
onset and offset as fast as those predicted from the 
rate of offset on superimposition of a fast antagonist. 
It is therefore unlikely that the discrepancies between 
the observed kinetics and the interaction-limited model 
are associated with the bathing medium, preparation 
or recording method used. Also the discrepancy 


Table 5 The rates of onset and offset of benziloyltropine methyliodide (BTrMe) in muscle strips with the - 
responses recorded Isometrically. (Values are mean + 8.6. mean). 





Concentration Time constant Time constant Equilibrium 
of BTrMe for onset for offset dose-ratio 
(eg) (Ton/ (rote) Toft on (DR oo 
n {M} {min} {min} 
3 1x107 33412 5784177 2148 25+8 
6 2x107 20+3 509 +60 27+5 385 
4 4x10 134 502 +69 47 +9 77+15 


Table 6 The kinetics of lachesine (2 x 10° m) using 6 combinations of preparation (Intact pieces of Ileum or 
muscle strips), bathing medium (Krebs or Tyrode) and lever (isotonic or isometric). (Values are mean + s.e. mean). 





Ileum Bathing Laver 2 I tegk's + ceKe 

prepn medium ae HoH, Aa tsks DRs 
n (min) {min} (min) 
4 Intact Tyrode Isometric 4.0+0.6 40.4+ 9.7 7841.1 15.7 £0.7 
4 Strips Tyrode Isometric 6.6 +2,8 36.8 +12.9 7.32.6 15.04 1.0 
4 Intact Tyrode lsotonic 4.0+0.3 32.4+ 7.8 5.6+1.1 15.64 1.9 
4 Strips Tyrode Isotonic 7.6+1.9 33.94 6.4 4.3+1.0 17.8+0.9 
4 Intact Krebs Isotonic 3.7+0.3 18.5 4.5 5.9+1.0 12.86+1.0 
4 Strips Krebs Isotonic 2.8+0.3 23.0+ 3.4 4.7 40.3 15.5 +40.6 


' Toff was calculated from the rate of offset of lachesine on washout; 77,4, was calculated from the rate of 
offset on superimposition of pentyl TEA. If interactlon were rate-limiting, ‘ro¢¢ and *Tosl1 + egkKs + 
eek ¢)/{1+ceK ¢) would both be equal to 1/k_, and so would themselves be equal. 
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between the kinetics of atropine when measured by 
Paton (1961) and when measured by Paton & Rang 
(1965) cannot be due to the former using intact pieces 
of ileum and the latter using muscle strips. Other 
workers have not found the kinetics of atropine to be 
faster when muscle strips are used: Furchgott (quoted 
by Paton, 1967b) using intact pieces of ileum 
measured offset half times nearer 10 min than 40 
whereas Thron & Waud (1968, Figure 8) using muscle 
strips observed rates of offset considerably slower 
than 10 minutes. 


Discussion 


In these experiments the kinetics of onset and offset of 
competitive antagonists do not appear to be 
compatible with the simple mass action model of 
Paton (1961). This is consistent with kinetic 
Measurements on many other tissues (Furchgott, 
1955; Paton, 1967a; Waud, 1967; Thron & Waud, 
1968). Therefore either access of the antagonist to the 
receptors is rate-limiting or, if interaction with the 
receptors is rate-limiting, some alternative model is 
required to describe the kinetics of antagonism. If 
access is rate-limiting, the rate of offset of a slow 
antagonist on superimposing a sufficiently high con- 
centration of a fast antagonist may allow the 
determination of kK-; and if this is so the results of 
Figure 4 indicate that BTrMe dissociates slowly from 
the muscarinic receptors with a time constant of about 
20 minutes. This would largely account for its high 
potency which in turn would account for the 
extremely slow onset of its action. Unfortunately 
without a clear idea of the nature of the access 
limitation the possibility that some other access 
limitation is operating when high doses of the fast 
antagonist are superimposed cannot be ruled out. 
Similarly if interaction with the receptors is rate- 
limiting, it would not seem reasonable to calculate 
antagonist receptor rate constants from the observed 
kinetics without a plausible new interaction model. 
The problem is therefore can an interaction or access- 
limited model be derived which adequately describes 
the observed kinetics? 

The variability of kinetic measurements would seem 
more probable in an access-limited than in an 
interaction-limited situation. Not only do the kinetic 
measurements of a single group show considerable 
variation as was noted by Thron & Waud (1968) and 
also in this study, but also there are discrepancies 
between the observations of different groups of 
workers. The behaviour of atropine has already been 
mentioned. Similarly in this study lachesine’s 
occupancy declined on washout with a time constant 
greater than 20 min whereas Paton & Rang (1965) 
observed rates corresponding to time constants of 
about 4 minutes. 


If then the kinetics of antagonism reflect the rate at 
which the concentration of drug in the proximity of 
the receptors approaches that in the bathing medium, 
what determines this rate? For potent slow 
antagonists such as atropine and BTrMe this cannot 
be limited by diffusion alone as the difference between 
their speed and that of a weak antagonist such as 
pentyl TEA cannot be explained in terms of their 
molecular weight. Also, using the method of analysis 
described by Thron (1972), the rates of change of 
dose-ratio were not found to be consistent with simple 
diffusion or any other situation describable by a linear 
multicompartmental model. 

If, however, the amount of drug taken up by the 
receptors is not quantitatively negligible, as the 
binding studies of Paton & Rang (1965) suggest, this 
would mtroduce non-linearity into the system and 
would also explain why only potent antagonists 
exhibit very slow onset and offset of action. Because 
of their potency such antagonists are tested in low 
concentrations and so the amount of drug taken up by 
the receptors will be appreciable compared with the 
amount in the volume with which the receptors 
equilibrate. This will delay the attainment of an 
equilibrium in the proximity of the receptors and so 
will slow the onset and offset of antagonism. With a 
weak antagonist a much higher concentration has to 
be used to produce the same degree of receptor block. 
Therefore the amount of drug taken up is small 
compared with that in the proximity of the receptors 
and so uptake will have a negligible effect on the 
approach to equilibrium. The apparent acceleration 
seen in Figure 4 can also be explained in this way. 

Thron & Waud (1968) used a very similar 
argument to explain their observation that 
pretreatment with an irreversible antagonist increased 
the rate of onset and offset of a slow antagonist. They 
considered that the kinetics of antagonism may reflect 
the rate at which the antagonist penetrates through the 
extracellular space by diffusion, this being slowed by 
uptake onto the receptors on the more peripheral cells. 
Alternatively though, the above effects might be due to 
there being some sort of barrier between the bulk of 
the extracellular space and the receptors. The 
antagonist might then equilibrate relatively quickly 
with the bulk of the extracellular space and the 
kinetics of antagonism reflect the rate at which the 
concentration of drug to which the receptors are 
exposed approaches that in the bulk of the extra- 
cellular space, this being slowed by uptake onto the 
receptors. 

The possibility of a barrier was discarded by Rang 
(1966) because he felt that, for guinea-pig isolated 
ileum, there was no physical structure which could act 
as such a barrier. However, electron micrographs 
show that between the trilaminar membrane and the 
bulk of the extracellular space is a layer called the 
basement membrane. Greengard & Straub (1958) 


a 


suggested that this layer might be responsible for the 
apparently slow rates of diffusion of ions that they 
observed. If the diffusion of ions is affected by this 
layer might not the diffusion of drugs be also? 
Colquhoun & Ritchie (1972), in fact, mentioned the 
possibility that the kinetics of tetrodotoxin might be 
affected by this layer. 

A barrier would more readily explain the effect of 
ionic environment on the kinetics of antagonists seen 
here and by Paton & Rothschild (1965) than a change 
in the rate of penetration. It would also explain why 
the kinetics are not faster when strips are used rather 
than intact pieces of ileum, although this could 
alternatively be due to the folding of the strips in the 
organ bath or to the agonist acting by setting up a 
pacemaker as was considered by Thron & Waud 
(1968). This would also predict that the kinetics of 
binding to tissue homogenates might not be 
appreciably faster than the kinetics of antagonism 
even if the kinetics of antagonism were access-limited. 
However, the barrier would have to have rather extra- 
ordinary powers of discrimination if it were to 
explain the transition stage seen in Figure 7 and the 
finding that in certain conditions the offset of BTrMe 
is faster following equilibration with higher concen- 
trations. If the basement membrane is considered to be 
the most likely candidate for this barrier it may be 
possible to derive a plausible new kinetic model when 
more information is available concerning if and how 
such a membrane behaves in this way. 

Alternatively if interaction is rate-limiting, a 
pacemaker mechanism of agonist action might seem 
to be necessary to explain why uptake onto the 
receptors does not cause appreciable slowing of 
antagonisms. If estimates of the binding capacity (M) of 
the muscarinic receptors are considered together with 
estimates of the size of the extracellular space (largest 
estimate of V), for slow antagonists the value of 
MK/V (Colquhoun & Ritchie, 1972) would seem to be 
sufficiently large (> 400) for appreciable slowing to be 
expected. However, if agonists act by setting up a 
pacemaker in the more peripheral cells, the kinetics of 
antagonism would reflect equilibration of the 
antagonist with these cells and not the rate of 
penetration through the tissue however slow this might 
be. This would predict, as Thron & Waud (1968) 
pointed out, a difference between the kinetics of 
antagonism and the kinetics of binding to intact tissues 
as seen by Paton & Rang (1965). 

Before a new interaction model can be derived, 
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1 A new in vitro preparation, the isolated lung strip of the cat, is described for investigating the direct 
effect of drugs on the smooth muscle of the peripheral airways of the lung. The preparation comprises 
a thin strip of lung parenchyma which can be mounted in a conventional organ bath for isometric 
tension recording. Its pharmacological responses have been characterized and compared with the 
isolated tracheal preparation of the cat. 

2 The lung strip exhibited an intrinsic tone which was relaxed by catecholamines, aminophylline and 
flufenamate. It was contracted strongly by histamine, prostaglandin F,,, acetylcholine, compound 
48/80, potassium depolarizing solution and alternating current field stimulation. In contrast, the cat 
trachea was unresponsive to histamine and prostaglandin F,, and did not exhibit an intrinsic tone. 


3 ()-Isoprenaline and (—}adrenaline were much more potent in relaxing the lung strip than the 
trachea. The potency order of relaxation responses to isoprenaline, adrenaline and (+ )-noradrenaline 
in the lung strip was isoprenalineé > adrenaline > noradrenaline but in the trachea was iso- 
prenaline > noradrenaline > adrenaline. 

4 .,-Adrenoceptor selective agonists salbutamol and terbutaline were more potent in the lung strip 
than the trachea, suggesting f adrenoceptors predominated in the lung strip. Propranolol was 
equipotent in inhibiting isoprenaline relexations of the lung strip and trachea, whereas practolol was 
much less effective in inhibiting lung strip than trachea, further supporting a predominance of £,- 
adrenoceptors in lung strip and 8 -adrenoceptors in trachea. 

5 Strong Schultz-Dale type contractions were elicited in both lung strips and trachea by Ascaris 
lumbricoides antigen in actively sensitized cats. The initial phase of the contractile response of the lung 
strip following challenge was shown to be due to histamine release and was absent in the trachea. The 
delayed phase of the contraction which took several minutes to develop in both the mepyramine- 
treated lung strip and trachea was not due to prostaglandins E,, Fz, or bradykinin, the probable 
mediator being slow reacting substance of anaphylaxis (SRS-A). 

6 It is concluded that the isolated lung strip of the cat is useful as an in vitro model for investigating 
the effect of drugs on the smooth muscle of the peripheral airways of the lungs. 


Introduction 


Techniques available for investigating the direct 
actions of drugs on smooth muscle of the lung chiefly 
use preparations of the large central airways. Tracheal 
rings tied together (Castillo & De Beer, 1947) or 
opened before tying together (Akcasu, 1959) and 
intraluminal pressure recorded from whole trachea 
(Farmer & Coleman, 1970) are examples. However, in 
vivo measurements of lung compliance or airways 
resistance suggest that the principal site of action of 


some drugs is at the level of the fine peripheral airways 
(Colebatch, 1970; Drazen & Austen, 1974). Direct 
evidence for such an action requires ‘an in vitro 
preparation of the peripheral airways and we describe 
here a simple technique using strips of isolated lung 
parenchyma of the cat for investigating the direct 
effect of drugs on the small airways. Some of the 
pharmacological characteristics of this cat isolated 
lung preparation are described. A preliminary report 
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of this work was presented at the 6th International 
Congress of Pharmacology (Sparrow & Mitchell, 
1975). 


Methods 


Adult cats of either sex were lightly anaesthetized with 
halothane, the chest opened, the lungs carefully 
excised and placed in modified Krebs solution at 37°C 
and aerated with 95% O, and 5% CO, The 
composition was (mM): NaC! 119, KC! 5.6, NaHCO, 
14, CaCl, 2, dextrose 11 and KH,PO, 1.2. The 
solution was buffered to pH 7.3 with NaMOPS 
(morpholinopropane-sulphonic acid titrated with 
NaOH to pH 7.3) 5mM; K,H,EGTA (ethyl- 
eneglycol-bis-(8-amino-ethylene ether) ,N’-tetra- 
acetic acid) 0.05 mM was included as a sequestering 
agent as a safeguard against heavy metal contamina- 
tion. In potassium depolarizing solution the NaCl in 
the above solution was replaced by KSO, 80 mM. 


Preparation of isolated trachea from cats 


From tracheal rings about 3 mm in width, most of the 
cartilage was removed before attaching threads to the 
small pieces of cartilage remaining at each end of the 
trachealis muscle. The tissues were stretched to a 
tension of 0.3g and where appropriate, tone was 
induced with 0.4 uM carbachol. 


Preparation of isolated lung strips of cats 


Sections of lung tissue, about 3 mm in width, were 
dissected quickly from a lower lobe with the 
longitudinal axis of the strip cut parallel to the 
bronchus. This was then divided into two or more thin 
strips with approximate dimensions of 20 x 3 x 3 mm. 
(Figure 1). 

In some experiments, strips were dissected from 
either the peripheral margin of a lobe or from across 
the lobe at right angles to the bronchus, but not 
including it. There was no detectable difference in the 
pharmacological responses of these strips compared 
with those routinely cut as in Figure 1. 

With threads attached to each end, strips were 
mounted in organ baths containing aerated Krebs at 
37°C. A load of between 2.0 to 2.5g force was 
applied by gently stretching and the tissues were 
allowed to equilibrate for ih with the solution 
changed at 15 min intervals. 

Usually two-organ baths, each containing a pair of 
strips, were run simultaneously to permit the testing of 
various drugs in differing order and dose and with 
adequate controls. Consistent responses could be 
obtained at 37°C for at least 6-8h and the 
responsiveness to drugs was unimpaired after storage 
overnight at 4°C. Concentration-response relation- 
ships were obtained using a cumulative dose schedule 


Thread to 
strain gauge 






Section of 
lobe removed 


Figure 1 
lung. 


Preparation of isolated strips from cat 


after which the organ bath was flushed and the tension 
allowed to return to its original value. Changes in 
tension were measured isometrically with a Grass 
FTO3C force-displacement transducers. 


Preparation of antigenic extract from Ascaris 
lumbricoides 


Ascaris lumbricoides were removed from pigs; 200 g 
of the fresh worms were finely homogenized with 
20 mM sodium phosphate buffer pH 7.4 at 4°C and 
made up to 500 ml. An equal volume of 0.85 M phenol 
solution was added, the mixture stirred for 1h, 
centrifuged at 12,000 g for 10 min, and the super- 
natant dialysed for 48h against running water and 
then for a further 12h against distilled water 
containing 5mM phosphate buffer at pH 7.4. The 
dialysed solution was then freeze-dried and yielded 
approximately 2 g of solid residue. This was stored 
under N, at —20°C. 


Sensitization of cats to Ascaris lumbricoides 


Cats were injected subcutaneously with 5 mg of 
Ascaris extract in an equal volume of Freund’s 


complete adjuvant every third day for 3 weeks. The 
cats were either manually restrained or lightly 
anaesthetized with halothane for this procedure. The 
animals were killed and the isolated lung strips and 
trachea prepared as above. 


Calculations 


Mean concentration-response curves for the relaxing 
drugs were obtained by determining the concentration 
of drug which elicited a given percentage of the 
maximal response to (—}isoprenaline. These con- 
centration values for individual tissues were averaged 
and the standard error of the mean determined (Chahi 
& O'Donnell, 1967). The EC,, value for a relaxing 
drug was calculated as the mean concentration giving 
50% of its maximal response. Figures 2, 3 and 5 show 
examples of a typical experiment, a similar result being 
obtained in at least 4 other cats. pA, values were 
obtained by the method of Arunlakshana & Schild 
(1959) where at least 3 concentrations of antagonists 
were used for 20 min exposures in not less than 3 pre- 
parations, Statistical evaluation was performed using 
Student’s ¢ test, P < 0.05 was regarded as significant. 


Drugs 


The following drugs were used: (—}isoprenaline 
hydrochloride (Sigma), (—)-adrenaline hydrochloride 
(Sigma), (+)-noradrenaline bitartrate (Sigma), 
histamine acid phosphate (Koch-Light), acetylcholine 
chloride (Roche), carbachol (Abbot Labs, injection), 
salbutamol sulphate (Allen & Hanbury’s), terbutaline 
sulphate (Astra), compound 48/80 (Sigma), prosta- 
glandins E; and F, (Upjohn), atropine sulphate 
(DHA), mepyramine maleate (May & Baker), 
methysergide (Sandoz), propranolol hydrochloride 
(ICI), practolol (ICI), phentolamine (Ciba), aspirin, 
indomethacin (Merck, Sharp & Dohm), flufenamate 
(Parke-Davis), bradykinin (Sigma), cocaine hydro- 
chloride, normetanephrine hydrochloride 
(Calbiochem), Freund’s complete adjuvant (CSL) and 
aminophylline (DHA). 

Concentrations are expressed as either the free acid 
or base unless otherwise stated. 


Results 
Isolated lung strip tone 


Isolated lung strips exhibited an intrinsic tone which 
was maintained for at least 6 hours. This tone could be 
relaxed by either aminophylline (10 uM to 10 mM) or 
catecholamines. Figure 2 shows examples of relaxa- 
tion responses to (—)-isoprenaline. Relaxation was 
usually slow in onset, taking 5—10 min to reach 
completion. Following washout, the tissues recovered 
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their initial tone within 30 minutes. Consistent 
responses could be elicited repeatedly at 30 min 
intervals. 

Lung strips were contracted by histamine (0.1 yM 
to 0.1 mM) and prostaglandin F,, (0.1 uM to 0.1 mM), 
examples of which are shown in Figure 2. Similar 
responses were elicited by acetylcholine (0.1 pM to 
1.0mM), compound 48/80 (0.01—1 mg/ml), potas- 
sium depolarizing solution and alternating current field 
stimulation (10 V/cm, 50Hz for 0.8 seconds). 
Prostaglandin E, (0.1 uM to 10 uM) did not affect the 
tone of the lung strip (Figure 2). 

The intrinsic tone of the lung strip depended on the 
initial tension applied to it (Figure 3). When the 
preparation was lightly stretched to give an initial 
tension of 1 g, (—)-isoprenaline (1 uM) elicited a small 
relaxation, typically of approx. 0.3 g in magnitude, but 
with greater stretch applied (—)-isoprenaline elicited a 
much larger relaxation. At tension of 5.0 g, the (—} 
isoprenaline-induced relaxation was 2.3 grams. Since 
adequate responses to both contracting and relaxing 
durgs could be obtained with an initial tension of 2.0 g, 
this value was used for subsequent experiments. 

The steady tone of lung strip was unaffected 
following exposure to atropine (1 uM), mepyramine 
(1 uM) or methysergide (10 uM) for 20 minutes. The 
tone of the preparation was not influenced by 
incubation for 1h with aspirin (3 mM) or indo- 
methacin (0.3 mM). However, sodium flufenamate 
from 50M to 0.5 mM produced a slow decrease in 
tone within 1 min of exposure. This relaxation was 
incomplete and in 4 preparations tested an average of 
75% reduction in tone occurred after 30 min 
compared with the relaxation elicited by a maximal 
concentration of (—)-isoprenaline (1 yM). 


Sensitivity of the isolated lung strip compared with the 
isolated trachea 


The pharmacology of the lung strip was different from 
that of the trachea. Histamine (0.1 uM to 0.1 mM) and 
prostaglandin F,, (0.lumM to 0.lmM) strongly 
contracted the lung strip but the trachea was 
insensitive at these concentration ranges (Figure 2). 
Pretreatment with mepyramine (104M) completely 
prevented these histamine responses. Similarly, 
contractions induced with histamine (0.1 mM) were 
abolished by the subsequent addition of 10 uM 
mepyramine. Whereas prostaglandin E, (0.1 uM to 
10 uM) had no effect on the intrinsic tone of the lung 
strip it relaxed the carbachol-induced tone of trachea. 
Bradykinin had no effect on either the lung strip or the 
trachea at concentrations up to 10 pg/ml. 
(—)}-Isoprenaline and (—)-adrenaline were much more 
potent in relaxing the lung strip than the trachea. The 
differences in the relaxant potencies of catecholamines 
on lung strip and trachea are shown in the concen- 
tration-response curves (Figure 4). (~)-Adrenaline was 
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Figure 2 Isometric tension responses of (a) Isolated lung strip and (b) trachea of the cat; {a} lung strips: 
consecutive responses of one strip to histamine (Hist), (-)-isoprenaline (Iso), prostaglandin F,,(PGF,,) and 
prostaglandin E, (PGE,). An Initial tension of 1.9 g was applied to the tissue by gently stretching. After each 
drug treatment the tissue was washed frequently and allowed to return to baseline tension before the next 
treatment. (b) Trachea: no response to histamine and prostaglandin F,,. When partially contracted by 
acetylcholine {ACh 10 um) prostaglandin F,, is still without effect, but prostagindin E, causes relaxation. 
Concentrations um. 


72 times more potent than (+ }noradrenaline in lung 
strip whereas in trachea they were equipotent. The 
similar potencies of (—)-adrenaline and (+)} 
noradrenaline could not be explained by a dominant 
Uptake, mechanism occurring in the lung strip since 
5 i cocaine (10 uM) did not significantly affect the pD, of 
(+ noradrenaline (4 strips from 2 cats). Nor could an 
enhanced Uptake, mechanism in the trachea explain 
the similar potencies of (—)-adrenaline and (+} 
noradrenaline since normetanephrine (10 uM) did not 
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S significantly shift the pD, values of (—)-adrenaline in 
os r 
e 
É | Figure 3 The relationship between the initial 
tension applied to the isolated lung strip of the cat 
2 and the relaxation response to (—)-isoprenaline 1 uM 


(at arrow). A typical experiment in which a relaxation 
to (-)-isoprenaline was elicited and after washout the 
i tissue was allowed to return to baseline then 
stretched to a greater resting tension. When this had 
stabilized the tissue was again challenged. The 
approximate initial tensions shown are 1,2,3 and 
5 grams. Duplicate responses were elicited at the 
0 beginning and end of the experiment to check 
reproducibility. 
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Figure 4 Mean concentration-response curves of the isolated lung strip (a & b) and the trachea (c & d) of the 
cat to the catecholamines (—)-isoprenallne (lso), (~)-adrenaline (Ad) and (+)-noradrenatine (NA) and the f,- 
adrenoceptor selective agonists salbutamol (Sal) and terbutaline (Ter). Relaxation responses are plotted as 
percent of relaxation to a maximal concentration of {—)-isoprenaline on the intrinsic tone of the lung strip, and 
of the carbachol-induced tone in the trachea using carbachol (0.4 um). Each point is the mean of at least 5 
different tissues and the standard error bars are only shown when they exceed the dimensions of the symbols 
used. 


‘trachea (4 tissues from 2 cats). pD, values, relative present and support for this was obtained by the use of 
potencies and intrinsic activities of the catecholamines, the £,-adrenoceptor selective agonists, salbutamol and 
terbutaline and salbutamol are shown in Table 1. terbutaline and the -adrenoceptor antagonists, 

The different potencies of (—)-adrenaline and (+)- propranolol and practolol. For a 50% response the 
noradrenaline in lung strip, compared with trachea, dose of salbutamol was about 10 times greater than 
suggested a difference in the type of B-adrenoceptor that of isoprenaline when the lung strip was used, and 


Table 1 Table showing potency, pD, and intrinsic activity (a) of (~)-isoprenaline, (—)-adrenaline, (+)- 
noradrenaline, terbutaline and salbutamol on isolated lung strip and trachea of the cat 


Lung strip Trachea 

Potency* pbt at Potency pD, a 

{—)-isoprenaline 1000 7.34 +0.02 (16) 1 1000 6.744+0.25 (26) 1 

(—)-Adrenaline 52.2 6.07+0.03 (5) 1 43.5 5.46+0.02 (13) 1 

(+)-Noradrenaline 0.75 4.22+0.04 (5) 1 72.5 5.53+0.03 (16) 1 

Terbutaline 49.7 6.05+0.08 (10) 0.77+0.02 4.5 4.59+0.15 (12) 1 
Saibutamol 93.4 634+40.06(7) 0.834+0.02 0.9 4.1140.23(9) 0.621+0.05 
*Potencies are the ratio of pD, values compared with that for (-)-isoprenaline which has been arbitrarily 


assigned a value of 1000. t The pD, value is defined as the negative log EC,,. Meants.e. mean. 
Number of tissues shown In brackets. { intrinsic activity for an agonist (Van Rossum, 1963) Is 
expressed as the maximum response relative to that for (—)-isoprenaline. Mean +5.e. mean. 
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Figure 6 Contractions ellcted by Ascaris extract (1 mg/ml) of (a) the Isolated lung strip and {b} trachea from a 
cat sensitized with Ascaris antigen (As). The upper and lower figures on the left show control responses to 
Ascaris extract. The lung strip contracts immediately to Ascaris extract but there is a delay of 5 min before the 
tracheal response is seen. On the right another pair of tissues is shown which were pre-treated for 5 min with 
mepyramine {100 mM). The immediate response of the lung strip is abolished and a smaller delayed contraction 
is seen but the tracheal response is maintained. In each case the magnitude of the contractile responses Is 
compared with the tension developed to a maximal concentration of acetylcholine (ACh 100 um) injected 10 


min after washout of the Ascaris extract. 


about 430 times greater for the trachea (Figure 4). 
Propranolol showed about equal potency in inhibiting 
(—)-isoprenaline responses of both the lung strip and 
trachea (pA, values of 8.0 and 8.1 respectively), 
whereas practolol was much less effective in inhibiting 
lung strip than trachea (pA, of 5.4 and 6.4, 
respectively). 

The presence of a-adrenoceptors in the lung strip 
could not be readily demonstrated with a-adreno- 
ceptor blockers. In four preparations, relaxation 
caused by (+)}mnoradrenaline (0.1 mM) was 
unchanged by the presence of phentolamine (30 uM). 
However, after 6-adrenoceptor blockade using 20 min 
exposures of propranolol (10 uM) the response to (+ } 
noradrenaline (0.1 mM) was changed to a contraction 


averaging about 40% of the maximal response to 
acetylcholine (1 mM) (14 preparations from 5 cats). 
By contrast, tracheal preparations from the same cats 
gave contractions of only 10 to 15% of the 
acetylcholine maximum, and only 8 of the 14 tissues 
responded. Excitatory a-adrenoceptor participation in 
the trachea therefore seemed to be of minor 
significance, a finding which is in agreement with 
Fleisch, Maling & Brodie (1970). 


Anaphylaxis of isolated lung strip and trachea 
Ascaris extract (1 mg/ml) elicited strong contractions 


(Schultz-Dale) in both lung strips and trachea from 
actively sensitized cats (Figure 5), but tissues from 


unsensitized animals were unresponsive. The response 
of the lung strip occurred immediately following 
challenge, but there was a consistent 2—8 min delay 
before the trachea contracted. This delay period was 
observed at all concentrations of Ascaris used 
(0.01—10 mg/ml). 

The immediate phase of contraction of the lung 
strip could be abolished by exposure to mepyramine (1 
to 100 uM) for 5 min prior to challenge (Figure 5). 
Response was then delayed for several minutes and 
resembled the tracheal contraction in this charac- 
teristic. Mepyramine (1 to 100uM) added when 
anaphylactic concentrations had reached a plateau 
resulted in a 50—68% (n=3) reduction in tension in 
the lung strip in the ensuing 5 min, whereas the 
tracheal contractions were unchanged. 

The Schultz—Dale contraction relaxed to baseline 
tension within about 20 min after washout of antigen. 
After contact with antigen, the tissue did not respond 
to compound 48/80 (50—100 pg/ml), but still 
responded normally to acetylcholine. Desensitization 
developed rapidly to the Ascaris extract, so that it was 
only possible to challenge each tissue once. 
Considerable variation in the magnitude of the 
anaphylactic responses to the Ascaris extract was 
found among the actively sensitized cats. Table 2 
shows concentration-response data from three cats 
where a marked difference in the sensitivities of the 
tissues is seen to Ascaris extract in concentrations 
from 0.01—10 mg/ml. 


Discussion 


We have described a new preparation whereby the 
direct effect of drugs on the small airways of the lungs 
can be examined In vitro. It seems probable that the 
contractile responses of the lung strip were due 
principally to activation of the airways smooth 
muscle. The lung strip chiefly comprises the spongy 
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respiratory tissue of the lung lobe where the smooth 
muscle is present in alveolar ducts, respiratory 
bronchioles, bronchioles and blood vessels. Low 
power microscopic examination showed that the 
bronchioles had diameters of approx. 0.1 mm. From 
the sparsity of these bronchioles in the parenchyma, 
usually less than 2 per mm? cross section, it would 
appear that the smooth muscle of the alveolar ducts 
and respiratory bronchioles may make the major 
contribution to the contractile responses of the lung 
strip, transmitting tension throughout the strip via 
connective tissue linkages. A component of tone from 
vascular smooth muscle could not be demonstrated 
because firstly, (+)-noradrenaline caused relaxation 
which would not have been expected had the drug 
been acting principally on pulmonary vascular smooth 
muscle (Houghton & Phillips, 1975), and secondly, 
blockade of a-adrenoceptors with phentolamine did 
not enhance this (+)}noradrenaline-induced relaxa- 
tion. After -adrenoceptor blockade, (+)nora- 
drenaline in high concentration caused contraction of 
lung strips from which the existence of a-adreno- 
ceptors may be inferred, but the extent to which they 
are located on bronchial or vascular smooth muscle is 
unknown. 

The isolated lung strip preparation responded to a 
variety of stimuli. The responses were reproducible 
over several hours at 37°C and were slow to reach 
completion, resembling those of the isolated tracheal 
chain preparation (Castillo & De Beer, 1947). The 
presence of intrinsic tone was demonstrated by the 
ability of drugs such as the catecholamines and 
flufenamate to cause relaxation of strips. The 
fenamates in concentrations from 1~20 ug/ml have 
been shown to antagonize the actions of spasmogens 
such as slow reacting substance of anphylaxis (SRS- 
A) and prostaglandin F,, on human bronchi (Collier 
& Sweatman, 1968), concentrations which are 10 
times less than that required to relax cat lung strip. 
Indomethacin did not relax the intrinsic tone of cat 


Table 2 Comparison of anaphylactic contractions elicited by Ascaris extract on the isolated lung strip 


and trachea of three actively sensitized cats 


Cat 1 
Ascaris Lung Trachea 
extract strip 
{mg/ml} 
0.01. 43* 83 
0.1 50 57 
1.0 68 61 
10.0 106 62 


74 31 17 1 


Cat 2 Cat 3 
Trachea Lung Trachea 
strip strip 
0 0 10 z 
14 2 15 6 
42 17 14 7 
1 


*Response expressed as the percentage of the peak isometric tension elicited by a maximal concentration of 


ACh (1 mM}. 
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lung strip although at concentrations of the order of 
l uM, it relaxes guinea-pig isolated trachea (Farmer, 
Farrar & Wilson, 1974). This may reflect a different 
profile of mediators responsible for the intrinsic tone 
of lung strip. The lack of effect of atropine, 
mepyramine and methysergide indicated that 
acetylcholine, histamine or 5-hydroxytryptamine were 
not involved in the maintenance of resting tone in the 
cat lung strip. 

Histamine did not affect cat trachea, whereas 
contractions were elicited in lung strips. These 
histamine responses were abolished by mepyramine, 
indicating that the receptors were of the H, type 
(Black, Duncan, Durant, Gannelin & Parson, 1972). 
These results with lung strip provide in vitro evidence 
for an action of histamine on peripheral airways 
consistent with the observations of Colebatch (1970), 
who demonstrated a reduced lung compliance to 
histamine in anaesthetized cats. We have also 
observed differential sensitivity of the cat airways to 
the prostaglandins, prostaglandin F,,, contracting lung 
strips but not trachea, and prostaglandin E, relaxing 
trachea but not lung strip. It will be of interest to see 
whether this differential sensitivity of the central and 
peripheral airways to prostaglandins is seen using in 
vivo techniques which measure airways resistance and 
dynamic compliance (Widdicombe, 1963). 

(_)-Isoprenaline, (—)adrenaline and (+)-nor- 
adrenaline relaxed both trachea and lung strip pre- 
parations. The order of potency of the catecholamines 
on lung strip was found to be (—)-isoprenaline > (—)- 
adrenaline > (+ )-noradrenaline, and this is the same 
order of potency as found in the guinea-pig isolated 
trachea, a §,-adrenoceptor preparation (Farmer & 
Coleman, 1970; QO’Donnell, 1972; O’Donnell & 
Wanstall, 1974). However, on the cat isolated trachea 
the order of potency was found to be (—)-iso- 
prenaline > (+ }-noradrenaline>(—)-adrenaline. It was 
reported by Lands, Arnold, McAuliff, Luduena & 
Brown (1967) and Furchgott (1967) that (+ }nor- 
adrenaline is equipotent or more potent than 
adrenaline in eliciting a §,-adrenoceptor response, so 
that the order of potencies of the catecholamines on 
the cat trachea is consistent with a §,-adrenoceptor 
preparation. In support of this, the selective f,- 
adrenoceptor agonists terbutaline and salbutamol 
were found to be, respectively 7 and 43 times more 
potent in relaxing the lung strip than the trachea. With 
propranolol, the non-selective f-adrenoceptor 
antagonist, identical pA, values were obtained against 
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DURING POTASSIUM LOADING IN THE SHEEP 
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1 The influence of potassium loading on the renal excretion of sodium, potassium and solute during 
high rate vasopressin administration has been investigated in sheep. 

2 Adrenalectomized sheep were infused with 0.43 M KCI at 2 ml/min for 2—2.5 hours. Coincident 
with the rise in plasma potassium concentration, the urinary excretion of sodium, potassium, solute 
and water was increased as was the reabsorption of solute-free water. The rates of urinary excretion of 
sodium and potassium, osmolal clearance (Cosm) and solute-free water reabsorption (T"} ,o) for the 
first 50 mm of potassium infusion were each found to be linearly related to the plasma potassium con- 
centration. 

3 After 50 min an infusion of vasopressin at 1 or 4 mu/min was superimposed on the potassium 
infusion for a period of 30 minutes. The administration of vasopressin was consistently associated with 
further augmentation of potassium excretion and clearance, of osmolal clearance and of solute-free 
water reabsorption to values above those anticipated from the pre-vasopressin regression lines for 
these parameters. Urinary sodium showed a coincident depression in the rate of excretion and 
clearance during the same period. 

4 Thirty to fifty minutes after the cessation of vasopressin infusion the potassium and sodium 
excretions had returned to values which approximated the pre-vasopressin relations between plasma 
potassium and the urinary excretions of these ions. 

§ Both rates of vasopressin infusion were equally effective in increasing the potassium clearance. 
Any differences in clearance between the two rates of vasopressin administration were not statistically 
significant. 

6 The large increments in potassium excretion (averaging > 40%) were interpreted as indicating that, 
when vasopressin is present at high concentrations, the distal tubule is one site of action of the 
hormone in the nephron of sheep. 


Introduction 


It has been known for some time that, in addition to 
altering water reabsorption by the kidney, vasopressin 
can influence the rate of renal excretion of the 
monovalent ions, sodium, potassium and chloride. 
However, the degree to which vasopressin alters the 
renal excretion of these electrolytes varies 
considerably with the most consistent effects 
occurring during water diuresis. In the water-loaded 
dog vasopressin increases the rate of renal sodium 
excretion but frequently does not increase potassium 
excretion (Shannon, 1942; Anslow & Wesson, 1955; 
Ali, 1958; Brooks & Pickford, 1958; Chan & Sawyer, 
1961; Perlmutt, 1961). A similar response to 
vasopressin has been observed in the rat (Sawyer, 
1952; Chan, 1965) although in one report (Heller & 
Stephenson, 1950) increased excretion of potassium 


was associated with reduced sodium excretion. In 
contrast vasopressin administration to sheep 
undergoing water diuresis usually causes increased 
potassium excretion with the effects on sodium ex- 
cretion being the more variable (Kinne, Macfarlane & 
Budtz-Olsen, 1961; Cross, Thornton & Twedell, 
1963; Kuhn & Peeters, 1965). The renal electrolyte 
response has proved to be even less reliable when 
vasopressin was given to animals in anti-diuresis. 
Non-hydrated dogs have frequently shown no 
response at all whereas sheep in the same state have 
responded to vasopressin administration with 
increased excretion of sodium, potassium and chloride 
(Kinne et al., 1961; Kuhn & Peeters, 1965). 

Clearly vasopressin can increase the renal excretion 
of electrolytes but which ion or ions will be increased 
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cannot be reliably predicted. This variability of 
response suggests that vasopressin does not 
specifically control the renal excretion of any of these 
ions and that the effect is dependent on some factor or 
factors associated with the relative availability of the 
ions at the time of observation. In a recent study Scott 
& Morton (1976) found that high level vasopressin 
administration to sodium-loaded sheep invariably 
increased renal sodium excretion with little effect on 
potassium excretion. The object of the experiments 
described in this paper was to determine whether a 
potassium-loaded sheep would respond to vasopressin 
by increasing the renal excretion of potassium rather 
than that of sodium. 


Methods 
Experimental procedures 


The experiments were performed on 4 Merino ewes 
weighing 30—35 kg and 4 Clun Forest ewes weighing 
37—57 kg. All animals were bilaterally 
adrenalectomized in 2 separate operations and after 
the second operation the sheep were allowed a 
minimum recovery period of 4 weeks before being 
used for experiment. The adrenalectomized sheep were 
maintained with intramuscular injections of 
1.5—2.0 mg deoxycorticosterone acetate (DOCA) and 
8—15 mg cortisone given once daily at 17 h 00 min. 
The sheep were allowed 1000g chaff daily with 
continual access to water and were provided with a 
salt lick composed of sodium bicarbonate, chloride 
and phosphate. At 17 h 00 min on the day before the 
experiment any uneaten food was removed but access 
to salt and water was maintained until the experiment 
started. 

Before each experiment a catheter (Casper pattern: 
Rusch) was inserted into the urinary bladder. This 
procedure was assisted by the application of a topical 
anaesthetic solution (Xylocaine’ spray; Astra 
Chemicals Ltd., Watford) to the vulva and urethral 
orifice and by lubricating the tip of the catheter with 
sterile anaesthetic jelly (Xylocaine’ Gel; Astra 
Chemicals Ltd., Watford). Both jugular veins were 
cannulated under local anaesthesia (lignocaine 3% 
with adrenaline 1:50,000; Willows Francis) using 
the technique of Seldinger (1953). The sheep were then 
restrained on leather stretchers in a normal upright 
position with their feet just off the floor. All solutions 
were given by intravenous infusion at 2 ml/min into 
one jugular cannula with blood samples being 
collected from the other cannula into tubes or syringes 
heparinized with one drop of heparin (5000 iu/ml). 
Urinary collections were made according to standard 
clearance techniques; clearance periods were of 
10 min duration with blood samples being taken mid- 
period. After collection of a sample of urine and 


plasma (control period) the animals were primed with 
20 ml of a solution containing 5g inulin and 6g 
sodium para-amino hippurate (PAH)/100 ml given via 
the infusion cannula. The animals were now allowed a 
2h stabilization period during which a solution 
containing 1.5g inulin and 0.6g PAH/100 ml! of 
0.125 M NaCl was infused. At the end of this infusion 
three clearance collections were made. Thereafter a 
solution containing 1.5 g inulin and 0.6 g PAH/100 ml 
of 0.43 M KCI was infused for the remaining 2~2.5 h 
of experiment. After 50min of KCI infusion, 
vasopressin (Pitressin; Parke Davis or arginine 
vasopressin; Sigma) was infused for 30 min at one of 
the following rates: (1) All four Merino sheep were 
given an infusion of 4 mu/min Pitressin (pressor units) 
after a loading injection of 10 mu. (2) Two of the Clun 
Forest sheep were infused with arginine vasopressin at 
4mu/min (pressor units) without any loading 
injection. (3) All four Clun Forest sheep were infused 
with arginine vasopressin at 1 mu/min without any 
loading injection. 


Analytical procedures 


The following analyses were performed on the samples 
of urine and plasma: 

(1) Inulin was estimated in urine and plasma by either 
the method of Davidson & Sackner (1963) or the 
method of Heyrovsky (1956) adapted to the 
Technicon autoanalyzer by Dawborn (1965). 

(2) PAH was estimated in urine and plasma by either 
the method of Smith, Finkelstein, Aliminosa, 
Crawford & Graber (1945) or the method of Bratton 
& Marshall (1939) as adapted for the Technicon 
autoanalyzer by Harvey & Brothers (1962). 

(3) Osmolality was calculated from the freezing-point 
depression as measured with either an Advanced 
osmometer (Model 31 LAS) or a Fiske osmometer 
(Model G 62). 

(4) Sodium and potassium were estimated in diluted 
urine and plasma with an E.E.L. flame photometer 
(Model A) using mixed standards in the appropriate 
concentration ranges for the samples. 


Mathematical and statistical procedures 


The values for the renal plasma clearances of inulin, 
PAH and electrolytes were calculated as follows: 


urinary excretion rate 
Plasma clearance= 
ue plasma concentration 


Solute-free water reabsorption=osmolal clearance — 
urine flow rate. 

As Beal & Harrison (1975) have observed the con- 
centration of solutes in the urine collected from a 
bladder catheter does not alter as soon as the urine 
flow alters because there is a finite volume or ‘dead- 
space’ between the kidney and the exterior in the 
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KCl infusion 





Ck 


Urine flow 





KCI infusion 


Time (h) 


Tio 1 The concentrations of potassium and sodium In plasma, urine flow, solute-free water reabsorption 
( b and the clearance of potassium (Ck), sodium (Cy,), solute (Cosm), Inulin (Cin) and para-amino 
hippurate (PAH) (Cpap) before, during and after vasopressin infusion (1 mu or 4 mu/mIn) Into adrenalecto- 
mized sheep being potassium loaded at 860 umol/minute. The solid bars indicate the period of vasopressin 
administratlon. Mean results are given; vertical lines show s.e. mean. 


urinary tract and catheter. This ‘dead-space’ volume 
tends to cause errors in the measurement of rates of 
urinary excretion of solutes particularly when the 
urine collection times are short and the flow rate is 
changing rapidly. As the excretion rate of inulin is 
affected in a similar manner to the other urinary 
solutes, the excretion rates of potassium and sodium, 
the osmolal clearance and the solute-free water 
reabsorption were expressed as a ratio of the inulin 
clearance to prevent ‘dead-space’ errors from affecting 
the interpretation of these results. These parameters 
are presented in this form in Figures 2 and 3. 

The slopes of linear regressions were compared by t 
test of regression coefficients. Analysis of covariance 
was applied to the potassium data for the period 
during which vasopressin was infused at 1 mu or 
4 mu/minute. The covariates used in the analysis were 
the potassium clearances for the 2 periods immedi- 
ately preceding vasopressin administration. 


Results 


As the infusion of vasopressin at 1 mu/min and 
4 mu/min produced similar changes in renal function, 
all experiments have been summarized as a single 
treatment. During the infusion of potassium chloride 
the plasma potassium concentration was elevated and 
the concentration of sodium either remained 
unchanged or fell slightly. The concentrations of 
sodium and potassium in the urine rose as did the 
urine flow, resulting in increased excretions and 
clearances of sodium and potassium. These changes 
were associated with augmented osmolal clearance 
and solute-free water reabsorption. Coincident with 
the increased electrolyte excretion the inulin and PAH 
clearances also rose with the maximum rates of 
increase in these clearances occurring during the first 
30 min of potassium infusion (Figure 1). Since the 
increases in potassium and sodium excretion rates, 
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Figure 2 Regressions of urinary potassium excretion, urinary sodium excretion, solute-free water 


reabsorption (T° 


H,O) and osmolel clearance (Co,,,) on the plasma potassium concentration before, during 


and after vasopressin Infusion (1 mu or 4 mu/min) into adrenalectomized sheep being potasslum-loaded at 
860 pmol/minute. Each of the urinary parameters has been expressed as a ratio of the Inulin clearance {C;,)}. 
The solld bars Indicate the period of vasopressin administration. The calculated regression lines for the mean 
data for the 50 min (6 clearance periods) before vasopressin infusion are shown and are extended to higher 
plasma potasslum concentrations as lines of prediction for the period during and after vasopressin Infusion. 


Mean results are given; vertical lines show 8.6. mean. 


osmolal clearance and solute-free water reabsorption 
were obviously correlated with the progressive 
increases in plasma potassium concentration these 
parameters were plotted against the plasma potassium 
concentration and found to be linearly related to the 
plasma potassium (Figure 2). 

The administration of vasopressin caused the urine 
flow to fall slightly in some experiments whereas in the 
remainder, flow continued to rise at a slower rate. The 
clearances of inulin and PAH also fell slightly in some 
experiments, usually, though not always, in the same 
experiments in which urine flow fell. After the 
vasopressin infusion had stopped the urine flow and 
the clearances of inulin and PAH resumed increasing 
and only started to fall at high plasma potassium con- 
centrations. 

During the infusion of vasopressin the urinary con- 
centration and rate of excretion of potassium were 
further augmented and the rate of rise in plasma 


potassium concentration slowed, resulting in an 
increase in the slope for the regression of urinary 
potassium excretion on plasma potassium in all 
experiments. The regression lines for urinary 
potassium excretion on plasma potassium concentra- 
tion for the periods before and during vasopressin 
infusion were compared in individual experiments by ¢ 
test of regression coefficients and in all experiments 
the increase in slope during vasopressin administration 
was statistically significant (P ranged from 0.05 to 
0.001). On cessation of vasopressin administration the - 
urinary potassium concentration and excretion rate 
fell and the rate of rise in plasma potassium concentra- 
tion increased again so that after 30—50 min the 
relation between potassium excretion and plasma con- 
centration approximated that occurring before 
vasopressin infusion (Figures 2 and 3). 

In contrast to potassium the concentration of 
sodium in the urine fell during vasopressin administra- 
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Figure 3 Regression of urinary potassium excretion 
on plasma potassium concentration before, during 
and after the Infusion of vasopressin at 1 mu/min (4 
sheep) and at 4mu/min (6 sheep) into 
adrenalectomized sheep being potassium loaded at 
860 pmol/minute. The data for potassium excretion 
are expressed as a ratio of the Inulin clearance (Cin). 
The solid bars indicate the period of vasopressin 
administration. The calculated regression lines for the 
mean data for the 50 min before vasopressin infusion 
and for the 30 min during vasopressin infusion are 
shown. Mean results are given; vertical lines show 
-$.6. mean. 


tion in 8 of the experiments and the excretion of 
sodium decreased in all experiments to values below 
those expected from the pre-vasopressin regression of 
sodium excretion on plasma potassium concentration. 
The extent of this fall in urinary sodium excretion was 
variable and on a molar basis, the decline in sodium 
excretion was never greater and was frequently less 
than the increment in potassium excretion for the 
same clearance period. After the vasopressin infusion 
had ended the rate of sodium excretion rose to such an 
extent that the pre-vasopressin relation between 
urinary sodium excretion and plasma potassium con- 
centration appeared to be re-established (Figure 2). 
Superficially the increase in urinary potassium 
excretion in the group receiving 1 mu/min vasopressin 
appeared to be smaller than that for the sheep 
receiving 4 mu/min (Figure 3). However, when the 
ratios of potassium clearance/inulin clearance for the 
3 clearance periods of vasopressin infusion were 
compared by analysis of covariance, no significant 
differences were found between the 2 rates of 


vasopressin infusion (F2.,=4.32, 0.31, 0.02 


respectively). 


Discussion 


As Thorn (1968) observed, one of the difficulties in the, 
interpretation of the effect of neurohypophysial 
hormones on renal electrolyte excretion has been that 
the status of water and salt metabolism of the 
experimental animals has not been well defined or 
controlled. Although the overall water and mineral 
balances of the sheep in the present investigation were 
not uniform, the animals were all in positive potassium 
balance as a result of the potassium infusion. In the 
intact animal hyperkalaemia has been shown to 
increase aldosterone release from the adrenal gland 
(Funder, Blair-West, Coghlan, Denton, Scoggins & 
Wright, 1969). By performing the present experiments 
on adrenalectomized sheep the possible intervention of 
endogenous adrenal steroids released as a result of the 
potassium infusion was prevented. As judged from 
salivary sodium/potassium ratios the effect of the 
DOCA maintenance injection reaches maximum and 
returns to sodium-replete ratios within 6—8 h of 
injection (Beal, Budtz-Olsen, Clark, Cross & French, 
1975) so that during these experiments which started 
18—20h after the maintenance injection the con- 
centrations of circulating steroids from exogenous 
sources would be expected to be low and falling 
relatively slowly. 

The increase in plasma potassium concentration 
during the infusion of potassium chloride into the 
sheep was always associated with increased urinary 
excretion of both sodium and potassium. The rate of 
excretion of each ion was found to be linearly related 
to the plasma potassium concentration provided that 
renal function is not altered by other factors. 
Micropuncture studies in rat and dog have shown that 
during potassium loading, the reabsorption of sodium 
and water in the proximal tubule is depressed thus 
providing an explanation for the natriuretic diuresis 
observed in hyperkalaemia (Malnic, Klose & 
Giebisch, 1966; Watson, 1966; Brandis, Keyes & 
Windhager, 1970). Observations in potassium-infused 
sheep although less direct, suggest that the same 
explanation is tenable for the increase in urinary 
sodium excretion in this species also (Beal, Budtz- 
Olsen, Clark, Cross & French, 1973; Beal & 
Harrison, 1975). 

The infusion of vasopressin resulted in a significant 
increase in the excretion of potassium and a coincident 
decrease in the excretion of sodium. The site of action 
of vasopressin on water permeability and electrolyte 
transport appears to be restricted to the nephron 
segments distal to the loop of Henle. In dogs and rats 
vasopressin does not alter the water permeability of 
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the proximal convoluted tubule (Clapp, Watson & 
Berliner, 1963; Gertz, Kennedy & Ullrich, 1964; 
Ullrich, Rumrich & Fuchs, 1964) or the loop of Henle 
(Wirz, 1956; Gottschalk, 1961; Morgan & Berliner, 
1968). Likewise Davis, Knox & Berliner (1967) found 
no evidence of sodium reabsorption in the proximal 
tubule being altered by vasopressin although some 
earlier reports suggest that vasopressin might 
stimulate sodium reabsorption in this segment (Clapp 
et al., 1963; Gottschalk, cited by Gertz et al, 1964). 
In the rat various lines of evidence indicate that the 
distal convoluted tubule is one site of action of 
vasopressin on water reabsorption (Wirz, 1956; 
Gottschalk & Mylle, 1959; Darmady, Durant, 
Matthews & Stranack, 1960) but in other species such 
as dog, monkey and Meriones the distal tubule does 
not show the same responsiveness to the hormone 
(Clapp & Robinson, 1966; Bennett, Brenner & 
Berliner, 1968; Rouffignac, Lechene, Guinnebault & 
Morel, 1969). The collecting duct is therefore the only 
unequivocal site of action of vasopressin on water 
permeability in the mammalian kidney. Although the 
infusion of a hyperosmotic solution into sheep would 
be expected to raise plasma vasopressin con- 
centrations, maximum antidiuretic activity had not 
been achieved in most experiments as is evidenced by 
the increment in solute-free water reabsorption 
resulting from the administration of vasopressin being 
larger than the corresponding increase in osmolal 
clearance. However, much of the increment in solute- 
free water reabsorption clearly results from the 
addition of solute to the tubular fiuid. When 
vasopressin was infused renal potassium excretion was 
significantly augmented. Under some conditions 
particularly potassium loading, secretion of potassium 
occurs in the collecting duct although in the rat, it 
adds no more than a small percentage of the total 
potassium excretion (Hierholzer, 1961; Malnic et al., 
1966; Diezi, Michoud, Aceves & Giebisch, 1973). In 
the present investigation the size of the increment in 
potassium excretion which averaged over 40% in 
excess of the rate predicted from the pre-vasopressin 
regression line (Figure 2) indicates that unless the 
collecting duct of the sheep has a much greater 
capacity to secrete potassium than that of the rat, the 
main site for this effect must be the distal tubule as no 
other segment of the nephron has the secretory 
capability consistent with such an increase in 
potassium excretion. 

The fall in renal sodium excretion during 
vasopressin infusion may be explained by one of a 
number of mechanisms. The inulin clearance fell 
slightly in some experiments during vasopressin 
infusion. However, it is doubtful if this represents a real 
fall in glomerular filtration rate (GFR) since in most 
cases the urine flow fell also and the urinary inulin 
concentration rose after a short delay which suggested 
that this fall in inulin clearance was a “dead-space’ 


effect resulting from a fall in urine flow during short 
urine collection periods. Expression of the sodium 
excretion as a ratio of the inulin clearance should cor- 
rect for this artifact. In other experiments the inulin 
clearance was not depressed indicating that the fall in 
sodium excretion rate was not dependent on a fall in 
GFR. Since the fall in urinary sodium excretion was 
not due to a fall in GFR the lowering of sodium 
excretion during vasopressin infusion must be the 
result of increased reabsorption of sodium in the 
nephron. If vasopressin acts directly on the sodium 
pump of the cortical collecting duct as some evidence 
suggests (Morgan & Berliner, 1968; Helman, 
Grantham & Burg, 1971; Frindt & Burg, 1972) the 
fall in sodium excretion may be due to increased active 
reabsorption in this segment. However, if Ullrich, 
Baldamus, Uhlich & Rumruch (1969) are correct in 
their conclusion that vasopressin increases the sodium 
permeability of the collecting duct rather than 
affecting active transport, the reduction in sodium 
excretion may result from the influx of potassium into 
the tubule reducing the potential difference across the 
tubule thus increasing the ease with which sodium 
could be reabsorbed from this segment. These 
arguments may extend to the distal tubule of the sheep 
as well but as yet no direct measurements of the effect 
of vasopressin on water permeability or sodium 
transport in the nephron have been reported for this 
species. The situation is obviously confused by the 
continuing increase in plasma potassium concentra- 
tion causing ever increasing amounts of sodium to be 
rejected in the proximal segment of the nephron. 

Following the cessation of vasopressin infusion 
there was an obvious return of the relationship 
between plasma potassium concentration and the 
excretions of sodium and potassium to the condition 
which existed before vasopressin administration 
although the continuous fall in steroid levels 
throughout the experiment may have led to a slight 
change in this relationship (Figure 2). At still higher 
plasma potassium levels both potassium and sodium 
excretion began to fall as the haemodynamic state of 
the kidney was affected by the high plasma potassium 
concentration. 

The effects on urinary potassium excretion of 
Pitressin and arginine-vasopressin were of similar 
magnitude which agrees with the observation of 
Macfarlane, Kinne, Walmsley, Siebert & Peter (1967) 
that arginine-vasopressin, lysine-vasopressin and 
Pitressin were of equal effect in the adult sheep. 
Although the two rates of infusion of vasopressin used 
in these experiments were clearly pharmacological the 
similarity of the response to these dose rates suggests 
that they were both supramaximal and that 
administration of vasopressin at more physiological 
rates would also augment urinary potassium excretion 
during potassium loading. The results obtained in this 
work support the thesis that relative availability of 
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sodium and potassium is one important determinant of 
the pattern of change in renal excretion of these ions 
during vasopressin administration. 
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ELECTRICAL PACING AND BY EXPOSURE TO ANOXIA 


K.J. BROADLEY 


Department of Applied Pharmacology, Welsh School of Pharmacy, University of Wales Institute of Science and 


Technology, King Edward VII Avenue, Cardiff CF1 3NU 


1 A procedure involving two guinea-pig isolated hearts perfused in series is described for detecting in 
the recipient heart the release of a possible coronary vasodilator metabolite from the donor heart. 


2 Adrenaline and isoprenaline stimulated the rate and force of contraction and produced a 
multiphasic coronary vascular response, the predominant phase of which was vasodilatation. When 
the -adrenoceptors of the recipient heart were blocked, stimulation of the donor heart by the 
catecholamines was associated with a coronary vasodilatation of the recipient heart.. 

3 Histamine stimulated rate and force of contraction and was predominantly coronary vasodilator. 
After blockade of histamine H,- and H,-receptors in the recipient heart, coronary vasodilatation 
followed increases in activity of the donor heart in response to histamine. 

4 These vasodilator responses of the recipient heart were attributed to the release from the donor 
heart of a vasodilator metabolite by the increased activity. This is the proposed mechanism for the 
predominant coronary vasodilator response to catecholamines and histamine. 

5 Periods of electrically-paced tachycardia and anoxia of the donor heart also led to the release of 
vasodilator activity. 

6 The possible identity of the metabolite is discussed. 


Introduction 


The overall coronary vascular response to 
catecholamines is vasodilatation (Wégria, 1951; 
Charlier, 1961; Parratt, 1968; Dempsey & Cooper, 
1972) which is comprised of several components 
arising from both direct and indirect effects. The direct 
effects on the coronary vasculature yield both 
vasoconstriction mediated via a-adrenoceptors (Saito, 
1959; Kaverina, 1965; Parratt, 1967; Broadley, 1970) 
and vasodilatation mediated via -adrenoceptors 
differing from those of the myocardium (Adam, 
Boyles & Scholfield, 1970; Ross & Jorgensen, 1970; 
Bayer, Mentz & Forster, 1972) and therefore assigned 
to the p-type (Broadley, 1970; Parratt & Wadsworth, 
1970; Mark, Abboud, Schmid, Heistad & Mayer, 
1972; Ross, 1974). Others however disagree and 
claim that these resemble the 8,-adrenoceptors of the 
myocardium (Lucchesi & Hodgeman, 1971; Drew & 
Levy, 1972). The indirect effects result from the 
simultaneous positive inotropic and chronotropic 
responses, both of which restrict coronary flow by 
extravascular compression of the coronary vessels 
(Melville & Lu, 1950; Douglas, Armengol & Talesnik, 


1960). The second indirect effect may account for the 
predominant vasodilator phase of the coronary 
vascular response. This component only occurs when 
there are significant changes in the rate and force of 
contraction and is reduced when these myocardial 
responses are antagonized (Hashimoto, Shigei, Imai, 
Saito, Yago, Uei & Clark, 1960; Siegal, Gilmore & 
Sarnoff, 1961). It is also prevented by metabolic 
inhibitors such as cyanide (Garcia-Ramos, Alanis & 
Luco, 1950) and fluoracetate (Saito, 1959) and is 
therefore attributed to the increased metabolic activity 
of the heart (Green, Wégria & Boyer, 1942; Melville 
& Lu, 1950; Douglas et al., 1960; Hashimoto et al., 
1960; Hardin, Scott & Haddy, 1961; Siegal et al., 
1961; Berne, 1964). It has been suggested that a 
vasodilator metabolite is released by the myocardium 
during the increased activity (Berne, 1964; Haddy & 
Scott, 1968). Attempts to demonstrate such a 
metabolite in the venous outflow of hearts stimulated 
by adrenaline have been few, possibly because of inter- 
ference by the simultaneous appearance of the 
adrenaline. Only the nucleoside, adenosine, has been 
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Schematic diagram of the apparatus used to perfuse two guinea-pig isolated hearts in series, with 


the recipient heart served either with fresh Krebs-bicarbonate solution or the perfusate from the donor heart. 
Perfusion pressure and rate and force of contractions were recorded in each heart. 


successfully detected (Katori & Berne, 1966). Most 
work to substantiate the claim of a putative mediator 
has in fact been based upon the modification of the 
vasodilatation by substances known to affect the 
proposed substance. In the case of adenosine this 
evidence tended to disprove its role since 
dipyridamole, an inhibitor of its uptake, failed to 
potentiate the vasodilatation to catecholamines 
(Parratt & Wadsworth, 1972). 

The present study was undertaken to develop a 
technique whereby the presence of a vasodilator 
metabolite following cardiac stimulation by 
catecholamines could be demonstrated 
pharmacologically and that it indeed had coronary 
vasodilator activity. The principle of the procedure 
was to take the perfusate from an isolated perfused 
heart to supply a second heart which would thus 
respond to the presence of any released substance(s). 
The choice of an alternative drug with which to 
stimulate the heart was virtually limited to histamine 
by the availability of an effective antagonist of the 
myocardial and coronary vascular responses of the 
drug in the recipient heart. 

The myocardial effects of histamine may be 
abolished by H,-receptor antagonists such as 
burimamide (Black, Duncan, Durant, Ganellin & 
Parsons, 1972; McNeill & Verma, 1974; Levi, 
Capurro & Lee, 1975). These have also been shown to 
antagonize the coronary vasodilatation (Ercan, 


Bokesoy & Türker, 1974) which presumably arises 
indirectly from the imcreased myocardial activity 
(Broadley, 1975a). However, histamine also exerts 
direct vasodilator and constrictor effects upon the 
coronary vasculature and these are mediated via H,- 
receptors (Broadley, 1975a). This may account for the 
demonstration by others of antagonism of the overail 
coronary vasodilatation by mepyramine (Levi & Kuye, 
1974). Therefore both antagonists were required to 
prevent the effects of histamine in the recipient heart. 
To avoid the problems of contamination of the 
perfusate by the agonist, increased activity of the. 
donor heart was also induced by electrically-paced 
tachycardia. Finally, in view of the possibility that the 
increased myocardial activity produces a relative 
anoxia which may serve as an intermediate to the 
release of a metabolically-linked vasoactive metabolite 
(Berne, 1958), experiments were performed in which 
the donor heart was exposed to periods of anoxia to 
determine whether this too would release a vasodilator 
metabolite. A preliminary account of the technique 
used has been presented to the British 
Pharmacological Society (Broadley, 1975b). 


Methods 


Guinea-pigs of either sex and weight range 275-675 g 
were killed by a blow on the head and the hearts and 
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lungs together were rapidly excised and transferred to 
a beaker containing Krebs-bicarbonate solution. 
Donor hearts were set up initially. A small incision 
was made in the aorta which was tied onto a glass 
cannula for retrograde perfusion of the coronary 
vessels by a modified (Broadley, 1970) Langendorff 
(1895) method (Figure 1). The venae cavae and 
pulmonary artery and vein were tied off and only then 
were the lungs trimmed free. The pulmonary artery 
was cut which thus provided the only route of escape 
for the perfusate. A constant rate (5—6 ml/min) of 
perfusion was achieved by means of a Watson-Marlow 
flow inducer (MHRE/30/T, 0.5 mm tube bore). The 
Krebs-bicarbonate solution, having the following 
composition in g/l distilled water; NaCl 6.92, KCl 
0.345, CaCl,2H,O 0.28, NaHCO, 2.1, MgSO,7H,O 
0.29, glucose 2.0, NaH,PO,2H,0 0.16, was gassed 
with 5% CO, in O, before passing through the flow 
inducer to the warming coil at the base of which was 
the cannulated aorta. Alterations in perfusion pressure 
(resting level between 25 and 5OmmHg; 
| mmHg +133 Pa) arising from changes in coronary 
vascular resistance were recorded on a Devices M19 
polygraph by means of a pressure transducer (Bell & 
Howell, Type 4-327-L221) situated between the flow 
inducer and warming coil. Also located at this point 
was a Condon manometer. 

Isometric contractions were recorded with a 
transducer (Ether, Type UF 1, 114 g sensitivity range) 
attached via a pulley to a clip on the apex of the 
ventricles. The transducer was adjusted to apply a 
resting diastolic tension of 1--2 g on the heart. Rate of 
contraction was recorded by a ratemeter (Devices, 
Type 2751) triggered by the signal from the tension 
trace. 

Drugs were injected into the perfusion solution 
through the connecting rubber tubing immediately 
prior to entry into the warming coil. The dose volume 
was between 0.025 and 0.2 ml and this produced a 
small injection artefact which was well separated from 
the drug response. 

The recipient heart was then set up, intially perfused 
with fresh Krebs-bicarbonate solution taken from a 
reservoir via a 3-way tap. The perfusion apparatus 
was essentially the same, but certain additional 
features were required to satisfy the criteria 
necessitated by the very small quantities of possible 
metabolites likely to be released. All the perfusate had 
to be collected from the donor heart and taken 
immediately to the second heart, the perfusion rates of 
both hearts had to match exactly and the perfusate 
required regassing and rewarming. A reservoir was 
provided for this purpose and also to serve as a trap 
for any air arriving from the donor heart and a point 
where fresh Ringer solution and the drugs could be 
added. The volume of this reservoir and all the tubing 
had to be minimal to avoid dispersion and dilution of 
the small amounts of any metabolite. The perfusion 


pressure and tension and rate of contraction of the 
recipient heart were recorded similarly to the donor 
heart and both hearts were perfused and jacketed at 
37°C. 

After both hearts had stabilized, the cut pulmonary 
artery of the donor heart was cannulated with a length 
of polythene tubing and by turning the 3-way tap, the 
perfusate was taken to the recipient heart. 

Electrically-induced tachycardia of donor hearts 
was produced by placing bipolar electrodes on the 
surface of the ventricles and stimulating with square- 
wave pulses (5 Hz, 10 V, 5 ms) delivered by an SRI 
stimulator (Type 6053) for periods of 2 minutes. 

In the experiments where the donor heart was 
exposed to anoxia, the Krebs-bicarbonate solution 
was replaced by Locke solution having the following 
composition in g/l distilled water: NaCl 9.0, KC1 0.42, 
CaCl, 0.24, NaHCO, 0.5 and glucose 1.0. This was 
gassed with O, so that the omission of the gas would 
deprive the heart of only O, and not both O, and CO, 
which would occur had Krebs-bicarbonate solution 
been used. 

Drugs used were: (—)}adrenaline acid tartrate 
(BDH Ltd.), burimamide (SK & F Labs Ltd.), 
histamine acid phosphate (Sigma), (—)-isoprenaline 
bitartrate dihydrate (Ward Blenkinsop Ltd.), 
mepyramine maleate (Anthisan, May & Baker Ltd.), 
phentolamine mesylate (CIBA), propranolol (CI 
Ltd.). All solutions were freshly prepared in 0.9% w/v 
NaCl solution (saline) and amounts referred to in the 
text are expressed as the base. 


Results 


With the two hearts satisfactorily connected in series 
and no loss of perfusate the effects of adrenaline were 
examined (Figure 2). Adrenaline (0.25 ug) added to 
the recipient heart reservoir increased the tension and 
rate of contraction and produced a characteristic 
coronary vascular response consisting of an initial rise 
in perfusion pressure, indicative of vasoconstriction, 
followed by a more prolonged vasodilatation. The 
same dose of adrenaline to the donor heart produced 
identical responses. This adrenaline was carried in the 
perfusate to the recipient heart where smaller 
responses were produced. These responses of the 
recipient heart to the adrenaline were sufficient to 
mask any effects of a metabolite arriving concurrently 
from the donor heart. The direct effects of adrenaline 
on the -adrenoceptors of the recipient heart were 
therefore antagonized by the non-selective £- 
antagonist propranolol. This was used because it 
would block both the #,+adrenoceptors responsible for 
the myocardial stimulation and the vascular ĝ,- 
adrenoceptors responsible for direct vasodilatation. 
Propranolol (15 ug) added to the recipient heart 
reservoir satisfactorily antagonized the positive 
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Figure2 Donor and recipient isolated perfused (5 ml/min) hearts from guinea-plgs (518 and 458g 
respectively). The effects of adrenaline (Ad, 0.25 ug) on the contractile force (upper records), heart rate (middle 
records) and coronary perfusion pressure (lower records) of each heart are shown. Propranolol was added to 
the recipient heart reservoir (15 ug) between (a) and (b) and to the donor heart reservolr (10 ug) between (b) 
and (c). Phentolamine (Phent, 10 ug) was added to the recipient heart in (c). 


inotropic and chronotropic responses to adrenaline 
together with the vasodilatation. Only a small vaso- 
constriction remained (Figure 2b). The repeated dose 
of adrenaline in the donor heart yielded unchanged 
responses, however after a short delay (1 min) the 
perfusate reaching the recipient heart produced a 
vasodilatation unaccompanied by rate or tension 
changes. The positive inotropic and chronotropic 
responses to adrenaline and the coronary vasodilata- 
tion in the donor heart were antagonized by 
introduction of propranolol (10 pg) to the perfusion 
solution; only a vasoconstriction remained 
(Figure 2c). The anticipated vasodilatation that had 
previously followed adrenaline administration to the 
donor heart was also abolished, although a small vaso- 
constriction occurred. Finally, the a-adrenoceptor 
antagonist, phentolamine (10 pg), was added to the 
reservoir and this antagonized the residual vaso- 


constriction to adrenaline, whether added to the donor 
or recipient heart (Figure 2c and d). 

Since this vasoconstriction tended to oppose the 
vasodilator activity carried over from the donor heart, 
the experiments were repeated using isoprenaline 
which has negligible constrictor activity. Isoprenaline 
(10 ng) was added to the recipient and donor hearts to 
produce positive inotropic and chronotropic responses 
together with a predominant coronary vasodilatation 
(Figure 3a). The myocardial and coronary vascular f- 
adrenergic effects in the recipient heart were 
antagonized with propranolol (JOpug) and the 
responses to a repeated dose of isoprenaline in the 
donor heart were unchanged. On arrival at the 
recipient heart, where no direct B-adrenoceptor effects 
were possible, vasodilatation occurred (Figure 3b). 
This was reproducible with a second dose of 
isoprenaline. Antagonism of the tension and rate 
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Figure 3 Donor and recipient Isolated perfused (6 ml/min) hearts from guinea-pigs (485 and 630 g res- 
pectively). The effects of lsoprenaline (Iso, 10 ng) on the contractile force (upper records), heart rate (middle 
records) and coronary perfusion pressure (lower records) of each heart are shown. Propranolol was added to the 
recipient heart reservoir (10 ug) between (a) and (b) and to the donor heart reservoir between (b) and (c). 


responses to isoprenaline in the donor heart by 
propranolol (10 pg) also abolished this vasodilatation 
in the recipient heart that had previously followed the 
isoprenaline response in the donor heart. Therefore 
both the catecholamines adrenaline and isoprenaline, in 
stimulating the donor heart, caused the appearance of 
vasodilator activity in the recipient heart where their 
direct effects were antagonized. 

The study was next extended to determine whether 
cardiac stimulation by histamine would also lead to 
this vasodilator activity carried over to the second 
heart. Histamine (lpg) was administered con- 
secutively to the donor and recipient hearts 
(Figure 4a). Each heart exhibited positive inotropic 
and chronotropic responses and triphasic coronary 
vascular responses consisting of an initial fall in 
perfusion pressure followed by a rise in pressure and 
finally a more prolonged vasodilatation. The histamine 


added to the donor heart was carried over to the 
recipient heart which yielded smaller identical 
responses, and these, as with the catecholamines, 
masked any response to a possible metabolite. These 
effects of histamine on the second heart were 
antagonized by the combined addition to the reservoir 
of the H,-receptor antagonist burimamide (2 mg) and 
the H,-receptor antagonist mepyramine (5 ug). These 
antagonize the myocardial and vascular effects 
respectively and histamine repeated immediately 
produced no response. Because of the short-lived 
action of burimamide (Broadley, 1975a), this 
combined antagonist administration had to be 
repeated immediately before the subsequent histamine 
administration to the donor heart. This produced 
unchanged responses in the donor heart followed 
shortly by a vasodilatation in the recipient. 
Antagonism of the histamine responses in the donor 
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Figure 4 Donor and recipient isolated perfused (6 ml/min) hearts from guinea-pigs (663 and 575g 
raspectively), The effects of histamine (Hist, 1 ug) on the contractile force (upper records), heart rate (middle 
records) and coronary perfusion pressure (lower records) of each heart are shown. Burimamide (Bur, 2 mg) and 
mepyramine (Mep, 5 ug) were added simultaneously to the recipient heart reservoir immediately befora the 
following dose of histamine added to either the donor or recipient hearts in (a). The donor heart was perfused 
with burimamide (20 pg/ml) and mepyramine (1 pg/ml) during {b}. 


heart by perfusing burimamide (20 ug/ml) and 
mepyramine (1 g/ml) also abolished this vasodilata- 
tion in the recipient heart (Figure 4b). 

At this stage the burimamide in the perfusate to the 
donor heart was omitted and immediately the myo- 
cardial responses of both hearts to histamine started to 
return (Figure 5) and were completely restored within 
16 minutes. By this time the vasodilatation had also 
returned although the continued presence of 
mepyramine prevented any direct vascular effects. 
Repeating the antagonism of myocardial effects in the 
recipient heart with burimamide (2 mg) again revealed 
the carriage over of vasodilator activity from the 
donor heart when stimulated by histamine (Figure 5). 
This demonstrated both the reproducibility and the 


persistence of the releasing capabilities of the donor 
heart over a prolonged period of time. 

Tachycardia was induced into the donor hearts of 
another series of experiments. These hearts were 
paced with square wave pulses (10 V, 5 ms) at 5 Hz 
compared with their normal spontaneous rate of 210 
beats/minute. This was the fastest possible rate that 
the hearts would follow. During the 2 min pacing, the 
force of contraction was diminished and there was a 
small vasoconstriction followed by a small vaso- 
dilatation (Figure 6a). Following this the recipient 
heart also produced a vasodilatation. However, this 
vasodilatation was small compared with those 
achieved with the catecholamines and histamine- 
induced tachycardia. Although several stimulation 
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Figure 6 Continuation of the experiment using the donor and recipient guinea-pig isolated perfused hearts 
shown in Figure 4. The effects of histamine (Hist, 1 ug) on the contractile force {upper.records), heart rate 
(middle records) and coronary perfusion pressure (lower records) of each heart, initially if-the presence of 
burimamlide (20 pg/ml) and mepyramine (1 ug/ml) perfusing from the donor heart reservoir are shown. At + 
perfusion with a drug-free Krebs-bicarbonate solution was started. After recovery of the responses to 
histamine, the burimamide (Bur, 2 mg) and mepyramine (Mep, 5 pg) were returned to the recipient heart 
immediately before an injection of histamine to the donor heart. 


parameters were attempted the vasodilatation of either 
heart could not be improved above that obtained with 
the quoted values. 

Figure 6 also demonstrates the responses of the 
recipient heart that occur when the 3-way tap was 


turned to change from fresh Krebs-bicarbonate - 


solution to the perfusate leaving the donor heart. The 
perfusion pressure fell and the tension usually 
declined. The effect of topping-up the reservoir with 
fresh Ringer was to produce a transient increase in 
pressure, and at the end of the experiment on returning 
completely to fresh Ringer the vasoconstriction was 
maintained (Figure 6c). : 

Finally, experiments were performed in hearts 
perfused with oxygenated Locke Ringer solution 
(Figure 7). The donor heart was exposed to a period of 
anoxia by perfusing with ungassed Ringer solution. 
There was a reduction in the force of contraction with 

7 


arrhythmias and a large coronary vasodilatation. All 
three parameters were restored to normal on returning 
to oxygenated Locke solution. One minute after the 
onset of coronary vasodilatation in the donor heart 
there was a corresponding fall in perfusion pressure in 
the recipient heart but without the tension and rate 
changes. This returned to normal in parallel with the 
pressure changes in the donor heart. 


Discussion 


The multi-component coronary vascular response to 
adrenaline has been demonstrated in guinea-pig 
isolated perfused hearts. The overall effect of 
adrenaline is recognized as vasodilatation and an 
increased coronary blood flow (Weégria, 1951; 
Charlier, 1961; Parratt, 1968) and this was illustrated 
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(a) Donor and recipient isolated perfused (5 ml/min) hearts from guinea-pigs (374 and 328g 


respectively). The effects of electrically-paced ventricular tachycardia (P, 5 Hz, 10V, 5 ms for 2 min) of the 
donor heart on the contractile force (upper records), heart rate (middle records) and coronary perfusion pressure 
(lower records) of each heart. (b) Donor and recipient isolated perfused (5 ml/min) hearts from gulnea-pigs (431 
and 278 g respectively). The effects are shown of connecting the two hearts at the beginning of an experiment 
and changing from normal Krebs-bicarbonate solution to the perfusate leaving the donor heart (X). At Y the 
effects of topping-up the recipient heart reservolr with fresh Krebs-blcarbonate solution are shown and at the end 
of the experiment (Z) the return to fresh Krebs-bicarbonate solution and disconnecting the hearts. 


here as a predominant fall in perfusion pressure 
following an initial vasoconstriction. This vaso- 
dilatation is attributed to both a direct stimulation of 
f-adrenoceptors in the coronary vasculature (Adam et 
al., 1970; Parratt & Wadsworth, 1970; Ross & 
Jorgensen, 1970) and an indirect effect arising from 
the concomitant increased myocardial activity 
(Berne, 1964). In the present study stimulation of the 
donor heart by adrenaline and the accompanying 
vasodilatation were followed by similar responses in 


the recipient heart due to the presence of the relatively 
large dose of adrenaline in the perfusate. When the 
direct and indirect B-adrenergic effects of adrenaline 
were antagonized in the recipient heart by 
propranolol, stimulation of the donor heart by 
adrenaline was followed only by the appearance of 
vasodilator activity in the recipient heart. The time 
lapse was consistent with the time taken for the 
perfusate to reach the second heart and the course of 
the dilatation of both hearts ran approximately in 
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Figure 7 Donor and recipient Isolated hearts from 
guinea-pigs (518 and 458 g respectively) perfused 
with Locke Ringer solution (gassed with oxygen) at 
5 ml/minute. The effects of a period of perfusion of 
the donor heart with ungassed Ringer solution 
(anoxia) between the arrows upon the contractile 
force (upper records), heart rate (middle records) and 
coronary perfusion pressure (lower records) of each 
heart are shown. The perfusate was gassed normally 
before entry into the recipient heart throughout. 


parallel. When the increases in activity of the donor 
heart were prevented by propranolol then the 
anticipated vasodilatation no longer occurred. In the 
case of adrenaline only a rise in pressure remained in 
both hearts which was attributed to residual direct 
vasoconstriction of the coronary vessels mediated via 


a-adrenoceptors (Saito, 1959; 1965; 
Parratt, 1967; Broadley, 1970). 

The experiments were repeated with isoprenaline 
whose direct vascular effects are solely vasodilator. 
However, the response of the donor heart was 
biphasic consisting of an initial constriction due to 
extravascular compression arising from the myo- 
cardial effects (Melville & Lu, 1950; Douglas et al., 
1960), followed by the characteristic vasodilatation. 
When the f-adrenoceptors in the recipient heart were 
blocked by propranolol this vasodilatation was 
followed by a vasodilatation in the recipient heart. It is 
therefore concluded that both adrenaline and iso- 
prenaline, by increasing the rate and force of 
contraction of the donor heart, cause the release of a 
vasodilator metabolite into the perfusate. 

Increases in myocardial activity were next induced 
by histamine which, like the catecholamines, produced 
a multiple coronary vascular response the 
predominant phase of which was a fall in perfusion 
pressure. Histamine receptors in the recipient heart 
were antagonized to prevent their stimulation by 
histamine carried over in the perfusate. The myo- 
cardial effects are mediated via H,-receptors (Black et 
al., 1972; McNeill & Verma, 1974; Levi et al., 1975) 
although recent findings suggest that this might only 
apply to the positive chronotropic responses 
(Reinhardt, Wagner & Schiimann, 1974; Steinberg & 
Holland, 1975). Nevertheless, both the positive 
inotropic and chronotropic responses of the recipient 
heart were abolished here by the H,-antagonist 
burimamide. The direct constriction and dilatation of 
coronary vessels mediated via H,-receptors (Broadley, 
1975a) were antagonized by mepyramine. Histamine- 
induced stimulation and vasodilatation of the donor 
heart were then followed by the appearance of 
vasodilator activity in the recipient heart. 

Thus an increased activity in the donor heart to 
catecholamines and histamine not only produced a 
predominant coronary vasodilatation of that heart 
but has clearly been shown to yield vasodilator 
activity in the recipient heart on the arrival of the 
perfusate. It would appear to be due to the presence of 
a substance in the perfusate released by the increased 
activity and not by the drugs themselves since 
abolition of the myocardial response by the 
appropriate antagonist also prevented the vasodilata- 
tion in both hearts. If the release were drug-induced 
then it would be mediated by identical receptors for 
the myocardial effects. To eliminate this possibility, 
experiments were performed in which increases in 
activity were produced without drugs, namely by 
electrical pacing. This procedure only increased the 
rate of contraction, unlike the catecholamines and 
histamine which increased both rate and tension. In 
fact the tension usually declined. Although a range of 
stimulation parameters was attempted, poor 
vasodilator responses of the donor heart were 
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generally encountered. This was presumably due to an 
increased resistance from extravascular compression, 
known to accompany ventricular tachycardia (Anrep 
& Hausler, 1929; Corday, Gold, DeVera, Williams & 
Fields, 1959), which opposed the vasodilatation due to 
the increased activity of the heart. However, the 
tachycardia of the donor heart was followed by a 
more prominent vasodilatation in the recipient heart. 
Electrically-induced tachycardia was therefore also 
associated with the release of a vasodilator metabolite, 
although histamine and the catecholamines appeared 
to be superior in stimulation of the heart and therefore 
in producing the vasodilator activity. Generally the 
degree of vasodilatation of both hearts was related to 
the size of the positive inotropic and chronotropic 
responses of the donor heart. 

The question now arises as to the identity of the 
metabolite released by the hyperactive heart and 
whether it is common for all forms of myocardial 
stimulation. The metabolic link between an increased 
activity and vasodilatation has been made by several 
authors (Berne, 1964; Haddy & Scott, 1968). 
However the presence of a coronary vasodilator 
metabolite has not previously been pharmacologically 
demonstrated. Early suggestions as to the nature of 
the substance included potassium ions (Driscol & 
Berne, 1957), lactic acid (Mohme-Lundholm, 1957) 
and bradykinin (Lochner & Parratt, 1966). More 
recently Berne and his colleagues have proposed 
(Berne, 1964) that adenosine, which has long been 
known to possess vasodilator activity (Drury & Szent- 
Gyorgyi, 1929), is released by the hyperactivity due to 
catecholamines. They have indeed measured an 
increased output of this nucleoside from the heart by 
adrenaline (Katori & Berne, 1966), 

Prostaglandins have also been implicated in the 
regulation of coronary blood flow. Coronary 
vasodilatation of isolated hearts following adrenaline or 
electrically-induced tachycardia has been potentiated 
by the prostaglandin synthetase inhibitor indomethacin 
(Talesnik & Sunahara, 1973), leading to the suggestion 
that the prostaglandins exert a suppressant effect upon 
the vasodilatation. In contrast, prostaglandin E, has 
been shown to have coronary vasodilator activity 
(Krebs & Schror, 1975) and it has been proposed as the 
mediator of the coronary vasodilatation that 
accompanies anoxia (Kent, Alexander, Pisano, Keiser 
& Cooper, 1973; Wennmalm, Pham-Huu-Chanh & 
Junstad, 1974). There is a continuous release of pro- 
staglandins by the spontaneously beating heart which is 
increased following anoxia (Block, Feinberg, 
Herbaczynska-Cedro & Vane, 1975). However, the 
visodilatation was not attributed to prostaglandin 
release since it was not modified by indomethacin, 
although the release was inhibited. 

Anoxia has also been shown to release adenosine 
(Katori & Berne, 1966), which supports the suggestion 
that a local anoxia may serve as an intermediate in the 


predominant vasodilator response to catecholamines 
due to the increased myocardial activity (Berne, 1958, 
1964). Pacing-induced tachycardia has also been 
shown to produce anoxia (Klarwein, Kako, 
Chrysohou & Bing, 1961). In the present study, 
anoxia of the donor heart produced a powerful 
vasodilatation in that heart which was followed by a 
similar vasodilatation as the perfusate reached the 
recipient heart. This could not be a direct effect of the 
anoxia since the perfusate was reoxygenated before 
entering the recipient heart. It is therefore concluded 
that anoxia releases a vasodilator metabolite into the 
perfusate. Whether this is the same as that released by 
the catecholamines, histamine and electrical pacing 
cannot be determined from the present study. 
However, it is worth speculating that this is a common 
metabolite whose release is triggered by a local relative 
anoxia occurring during the myocardial hyperactivity. 
Prostaglandins or adenosine would appear to be 
likely candidates and further experiments may clarify 
their role in the response(s). It has been pointed out 
however, that prostaglandin release requires adequate 
oxygen levels, and one would only expect their 
appearance in the perfusate q/ter the period of anoxia 
(Block ef al., 1975). In the present work the 
vasodilatation in both the donor and recipient hearts 
occurred while the donor heart was still exposed to the 
hypoxic Ringer solution or increased activity and this 
might exclude prostaglandins as possible mediators. 

The presence of a vasodilator metabolite has been 
clearly demonstrated pharmacologically in the 
perfusate leaving a heart which has undergone a 
period of increased activity. So far it has been 
assumed that the fall in perfusion pressure when the 
perfusate arrives at the recipient heart is due to the 
presence of a released substance. Alternatively, one 
could argue that the increased activity of the donor 
heart merely removes or utilizes one or more 
constituents of the Ringer solution and that its absence 
leads to a fall in perfusion pressure. However this 
possibility can confidently be discounted on the 
following grounds. It is unlikely that a local change in 
Ringer composition could occur to such an extent as 
to affect the donor heart for well after the activity has 
returned to normal and then to be maintained during 
transit from donor to recipient heart. Furthermore, in 
the case of anoxia there is no hyperactivity and this 
must be a release phenomenon. 

It is clear that the substance or substances are 
probably released from the contracting heart 
continuously since vasodilatation in the recipient heart 
occurred immediately the perfusate was taken to this 
heart. This persisted throughout the experiment and 
on returning to fresh Ringer solution the perfusion 
pressure rose again. This resting level of metabolite 
output is therefore raised by an increased cardiac 
activity due to drugs or electrical pacing leading to 
further vasodilatation. The amounts released are 
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presumably very small, yet there is apparently no 
tachyphylaxis since the vasodilator responses were 
readily repeatable over experiments of long duration. 

This proposed hyperactivity-anoxia-metabolite 
system for coronary vasodilatation may well be the 
basis of the autoregulation of the coronary flow that 
provides the circulatory need of the active 
myocardium. It now remains to adapt the procedure 


References 


ADAM, K.R., BOYLES, S. & SCHOLFIELD, P.C. (1970). 
Cardio-selective -adrenoceptor blockade and the 
coronary circulation. Br. J. Pharmac., 40, 534—536. 

ANREP, G.V. & HAUSLER, H. (1929). The coronary 
circulation. I]. The effect of changes in temperature and 
of heart rate. J. Physiol., Lond., 67, 299-314. 

BAYER, B.L., MENTZ, P. & FORSTER, W. (1972). Uber 
spezifische Unterschiede zwischen den adrenergen f- 
Rezeptoren an Hertz und Koronarien. Arch. int. 
Pharmacodyn, 200, 341—347. 

BERNE, R.M. (1958). Effect of epinephrine and 
norepinephrine on coronary circulation. Circulation 
Res., 6, 644—655. 

BERNE, R.M. (1964). Regulation of coronary blood flow. 
Physiol. Rev., 44, 1—29. i 

BLACK, J.W., DUNCAN, W.A.M., DURANT, CJ, 
GANELLIN, C.R. & PARSONS, E-M. (1972). Definition of 
antagonism of histamine H,-receptors. Nature, Lond., 
236, 385-390. 

BLOCK, AJ., FEINBERG, H., HERBACZYNSKA-CEDRO, K. 
& VANE, JR. (1975). Anoxia-induced release of 
prostagiandins in rabbit isolated hearts. Circulation Res., 
36, 34—42, 

BROADLEY, K.J. (1970). An analysis of the coronary 
vascular responses to catecholamines, using a modified 
Langendorff heart preparation. Br. J. Pharmac., 40, 
617-629, 

BROADLEY, K.J. (1975a). The role of H, and H,-receptors 
in the coronary vascular response to histamine of 
isolated perfused hearts of guinea-pigs and rabbits. Br. J. 
Pharmac., §4, §11~521. 

BROADLEY, K.J. (1975b). A procedure to demonstrate the 
release of a vasoactive metabolite by catecholamines 
from perfused guinea-pig hearts. Br. J. Pharmac., 54, 
223--224P. 

CHARLIER, R. (1961). Coronary Vasodilators. Oxford: 
Pergamon Press. 

CORDAY, E, GOLD, H., DEVERA, L.B.. WILLIAMS, JH. & 
FIELDS, J. (1959) Effect of the cardiac arrythmias on the 
coronary circulation. Ann. intern. Med., 50, 535—553. 

DEMPSEY, P.J. & COOPER, T. (1972). Pharmacology of the 
coronary circulation. Ann. Rey. Pharmac., 12, 99—110. 

DOUGLAS, R.C, ARMENGOL, V. & TALESNIK, J. (1960). 
Influence of cardiac activity on coronary flow control. 
Acta physiol. latinoam., 10, 205—216. 

DREW, G.M. & LEVY, G.P. (1972). Characterization of the 


described here to aid the clarification of the nature of 
the metabolite and to determine whether a common 
substance is involved in the procedures used here to 
induce its release. 


I am grateful to Dr R.W. Brimblecome of SK & F for the 
generous gift of burimamide, to Ward Blenkinsop for the (—} 
isoprenaline and to ICI for the propranolol. 


* 


coronary vascular f-adrenoceptors in the pig. Br. J. 
Pharmac., 46, 348—350. 

DRISCOL, T.E & BERNE, R.M. (1957). Role of potassium in 
regulation of coronary blood flow. Proc. Soc. exp. Biol. 
Med., 96, 505—508. 

DRURY, AN. & SZENT-GYORGYI, A. (1929). The 
physiological activity of adenine compounds with 
especial reference to their action upon the mammalian 
heart. J. PAysiol., Lond., 68, 213—237. 

ERCAN, Z.S., BOKESOY, T.A. & TÜRKER, R.K. (1974), A 
study of the histamine H,-receptors in heart muscle and 
coronary vessels. Eur. J. Pharmac., 27, 259—262. 

GARCIA-RAMOS, J., ALANIS, J. & LUCO, J. (1950). 
Estudios sobre la circulation coronaria. II. Las acciones 
del vago y del simpatico. Archos Inst. Cardiol. Méx., 20, 
534~—550. 

GREEN, H.D., WEGRIA, R. & BOYER, N.H. (1942). Effect of 
epinephrine and pitressin on the coronary artery inflow 
in anaesthetized dogs. J. Pharmac. exp. Ther., 16, 
378—391. 

HADDY, FJ. & SCOTT, J.B. (1968). Metabolically linked 
vasoactive chemicals in local regulation of blood flow. 
Physiol. Rev., 48, 688—707. 

HARDIN, R.A., SCOTT, J.B. & HADDY, FJ. (1961). Effects 
of epinephrine and norepinephrine on coronary vascular 
resistance in dogs. Am. J. Physiol., 201, 276—280. 

HASHIMOTO, K., SHIGEI, T., IMAI, S., SAITO, Y., YAGO, N. 
UEI, I. & CLARK, R.E. (1960). Oxygen consumption and 
coronary vascular tone in the isolated fibrillating dog 
heart. Am. J. Physiol., 198, 965—970. 

KATORI, M. & BERNE, RM. (1966). Release of adenosine 
from anoxic hearts. Relationship to coronary flow. 
Circulation Res., 19, 420—425. 

KAVERINA, N.V. (1965). Pharmacology of the Coronary 
Circulation. Oxford: Pergamon Press, 

KENT, K.M., ALEXANDER, R.W., PISANO, J.J., KEISER, 
H.R. & COOPER, T. (1973). Prostaglandin dependent 
coronary vasodilator responses. PAysiologist, 16, 361. 

KLARWEIN, M., KAKO, K., CHRYSOHOU, A. & BING, RJ. 
(1961). Effect of atrial and ventricular fibrillation and 
ventricular tachycardia on carbohydrate metabolism of 
the heart. Circulation Res., 9, 819—825. 

KREBS, R. & SCHROR, K. (1975). Actions of prostaglandin 
E, on myocardial mechanics, coronary vascular 
resistance and oxygen consumption in the guinea-pig 
isolated heart preparation. Br. J. Pharmac., 55, 403-408. 


100 KJ. BROADLEY 


LANGENDORFF, O. (1895) Untersuchungen am 
überlebenden Säugetierherzen. Pfhigers Arch. ges. 
Physiol., 61, 291—332. 

LEVI, R. CAPURRO, N. & LEE, C-H. (1975). 
Pharmacological characterization of cardiac histamine 
receptors: sensitivity to H,- and H,-receptor agonists and 
antagonists. Eur. J. Pharmac., 30, 328—335. 

LEVI, R. & KUYE, J.O. (1974). Pharmacological 
characterization of cardiac histamine receptors: 
sensitivity to H,-receptor antagonists. Eur. J. Pharmac., 
27, 330—338. i 

LOCHNER, W. & PARRATT, J.R. (1966). A comparison of 
the effects of locally and systemically administered kinins 
on coronary blood flow and myocardial metabolism. Br. 
J. Pharmac. Chemother., 26, 17—26. 

LUCHESSI, B.R. & HODGEMAN, RJ. (1971). Effect of 42- 
hydroxy-3-isopropylaminopropoxy) acetanilide (AY 
21,011) on the myocardial and coronary vascular 
responses to adrenergic stimulation. J. Pharmac. exp. 
Ther., 176, 200—211. 

McNEILL, J.H. & VERMA, S.C. (1974). Blockade by 
burimamide of the effects of histamine and histamine 
analogs. on cardiac contractility, phosphorylase 
activation and cyclic adenosine monophosphate. J. 
Pharmac. exp. Ther., 188, 180—188. 

MARK, A.L., ABBOUD, F.M., SCHMID, P.G., HEISTAD, D.D. 
& MAYER, H.E. (1972). Differences in direct effects of 
adrenergic stimuli on coronary, cutaneous and muscular 
vessels. J. clin. Invest., 51, 279—287. 

MELVILLE, K.I. & LU, F.C. (1950). Effects of epinephrine, 
aminophylline, nitroglycerine and papaverine on 
coronary inflow and on heart contractions as recorded 
concurrently. J. Pharmac. exp. Ther., 99, 286—303. 

MOHME-LUNDHOLM, E. (1957). Mechanism of the relaxing 
effect of adrenaline on bovine coronary vessels. Acta 
physiol. scand., 38, 255—264. 

PARRATT, J.R. (1967). Adrenergic receptors in the 
coronary circulation. Am. Heart J., 73, 137—140. 

PARRATT, J.R. (1968). Pharmacological aspects of the 
coronary circulation. In Progress in Medicinal 
Chemistry, ed. Ellis, G.P. & West, G.B., vol. 6, 
pp. 11—66. London: Butterworth & Co. Ltd. 


PARRATT, J.R. & WADSWORTH, R.M. (1970). The effect 
of “selective” f-adrenoceptor blocking drugs on the 
myocardial circulation. Br. J. Pharmac., 39, 296—308. 

PARRATT, J.R. & WADSWORTH, R.M. (1972). The effects 
of dipyridamole on the myocardial vasodilator actions of 
noradrenaline, isoprenaline and adenosme. Br. J. 
Pharmac., 46, 585—593. 

REINHARDT, D., WAGNER, J. & SCHUMANN, HJ. (1974). 
Differentiation of H,- and H receptores mediating 
positive chrono- and inotropic responses to histamine on 
atrial preparations of the guinea-pig. Agents and Actions, 
4, 217-221. 

ROSS, G. (1974). Myocardial and coronary vascular effects 
of salbutamol. Cardiovasc. Res., 8, 1—7. 

ROSS, G. & JORGENSEN, C.R. (1970). Effects of a cardio- 
selective beta-adrenergic blocking agent on the heart and 
coronary circulation. Cardiovasc. Res. 4, 148—153. 

SAITO, H. (1959), Effects of adrenaline and noradrenaline 
on the coronary outflow of the isolated rabbit heart. Bull. 
Osaka med. Sch., 5, 15—33. 

SIEGAL, J.H, GILMORE, J.P. & SARNOFF, JJ. (1961). 
Myocardial extraction and production of 
catecholamines. Circulation Res., 9, 1336—1350. 

STEINBERG, M. & HOLLAND, D.R. (1975). Separate 
receptors mediating the positive inotropic and 
chronotropic effects of histamine in guinea-pig atria. Eur. 
J. Pharmac., 34, 95—104. 

TALESNIK, J. & SUNAHARA, F.A. (1973). Enhancement of 
metabolic coronary dilatation by aspirin-like substances 
by suppression of prostaglandin feed-back control? 
Nature, Lond., 224, 351—353. 

WEGRIA, R. (1951). Pharmacology of the coronary 
circulation. Pharmac, Rey., 3, 197—246. 

WENNMALM, A., PHAM-HUU-CHANH & JUNSTAD, M. 
(1974). Hypoxia causes prostaglandin release from 
perfused rabbit hearts. Acta physiol. scand., 91, 
133—135. 


(Received January 30, 1976. 
Revised March 16, 1976.) 


Br. J. Pharmac. (1976), 58, 101—107 


MORPHINE—NALOXONE INTERACTION 

IN THE CENTRAL CHOLINERGIC SYSTEM: 
THE INFLUENCE OF SUBCORTICAL 
LESIONING AND ELECTRICAL STIMULATION 


K. JHAMANDAS & M. SUTAK 
Department of Pharmacology, Faculty of Medicine, Queen's University, Kingston, Ontario, Canada K7L 3N6 


1 The opiate antagonist naloxone, injected or topically applied to the cerebral cortex, had no 
significant effect on the spontaneous output of cortical acetylcholine (ACh) in rats. 


2 Morphine (2.5 mg/kg) administered intravenously inhibited the release of cortical ACh. A 
subsequent injection of naloxone rapidly reversed morphine-induced inhibition, and produced a 
sustained increase in the release of ACh. Topical application of naloxone solutions, after morphine, 
produced a slow and weak reversal of its inhibitory action. 

3 Destruction of the medial thalamus abolished both the inhibitory effects of morphine on the 
cortical ACh release, and its antagonism by naloxone administered after the agonist. 


4 Injection of naloxone in a low dose (0.1 mg/kg) increased the release of cortical ACh provoked by 
electrical stimulation of either the medial thalamus or the reticular formation in normal rats. In the 
morphine-dependent rat, naloxone also facilitated the evoked release and its action was greater than in 
control animals. The facilitatory effect of naloxone on the cortical release evoked by stimulation of the 
medial thalamus was greater than its effect on the release evoked by stimulation of the reticular 
formation in both normal and morphine-dependent rats. 

5 aes a narcotic antagonist, also facilitated the electrically stimulated release of cortical 
ACh. 

6 It is suggested that (a) morphine and naloxone act at a subcortical site, probably the medial 
thalamus, to modify the cortical ACh release and that (b) naloxone may facilitate the electrically- 
induced release of ACh in the CNS by antagonizing the effect of the endogenous morphine-like factor, 


enkephalin. 


Introduction 


The development of a precipitated abstinence 
syndrome in opiate-dependent animals is characteriz- 
ed by an abnormal increase in the cholinergic activity. 
It has been suggested that a sudden increase in the 
release of acetylcholine (ACh) in the periphery and the 
central nervous system (CNS) could contribute to the 
excessive cholinergic activity associated with the 
abstinence phenomenon (Paton, 1963; Crossland, 
1970). Studies reported from this and other 
laboratories show that the opiate antagonist naloxone, 
when administered to chronically morphine-treated 
animals, enhances the output of ACh in the cerebral 
cortex (hamandas & Sutak, 1974; Labrecque & 
Domino, 1974; Mullins & Phillis, 1974). .Morphine 
itself can inhibit the release of ACh in the CNS and 
this effect can be antagonized by naloxone 
administered before or after morphine treatment 
(Jhamandas, Phillis & Pinsky, 1971; Matthews, 
Labrecque & Domino, 1973; Yaksh & Yamamura, 
1975). Furthermore, the development of some signs of 


abstinence precipitated by naloxone, in morphine- 
dependent rats, is suppressed by pretreatment with 
ACh antagonists (Collier, Francis & Schneider, 1972; 
Jhamandas & Dickinson, 1973; Jhamandas, Sutak & 
Bell, 1973). These observations lend support to the 
suggestion that the ACh releasing system in the CNS 
could play a significant role in the development of the 
opiate abstinence syndrome precipitated by naloxone 
or related antagonists. However, the site(s) in the 
central cholinergic system at which naloxone, or 
morphine, may be acting to modify the release of ACh 
remain unknown. 

Recently some investigators have suggested that the 
medial thalamus is an important brain site involved in 
the development of tolerance to the EEG effects of 
morphine (Teitelbaum, Catravas & McFarland, 1974) 
and the naloxone-precipitated abstmence syndrome in 
the rat (Wei, Loh & Way, 1973a and b). It has also 
been demonstrated that there is a high degree of opiate 
receptor binding in this area (Kuhar, Pert & Snyder, 
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The effect of Injected and topically applied naloxone (Nal) on the output of acetylcholine (ACh) from 


the cortical surface of the cerebral cortex. Naloxone was injected or applied at the points Indicated by arrows. 
Each column represents the mean output In six experiments with s.e. mean. Open columns Indicate release 


preceding the drug injections. 


1973). The region of the medial thalamus is an integral 
part of the ascending reticular cholinergic system 
(Shute & Lewis, 1967) which projects diffusely to the 
cortex and releases ACh in this region. These 
observations make it attractive to consider that the 
action of naloxone in a morphine-treated animal and 
possibly also the effect of morphine on the cortical 
release of ACh, may be exerted at this region. If this 
idea were correct, lesioning of the medial thalamus 
should abolish the effects of naloxone and morphine 
on the release of cortical ACh. The objective of the 
present study was to see if this were the case. 

In previous tests, naloxone has been shown to have 
no significant action of its own on the spontaneous 
output of central ACh. However, in a recent report, 
Waterfield & Kosterlitz (1975) demonstrated that 
naloxone, and other opiate antagonists, increased the 
electrically stimulated release of ACh in the guinea-pig 
myenteric plexus-longitudinal muscle preparation. A 
stereospecificity of this effect was also demonstrated, 
and it was suggested by these investigators that the 
opiate antagonists may be enhancing the stimulated 
release by antagonizing the action of an endogenous 
morphine-like substance, enkephalin, which is present 
in this tissue (Hughes, Smith, Morgan & Fothergill, 
1975). The second objective of our study was to 
determine whether naloxone would increase the 
central release of ACh evoked by electrical stimulation 
in the CNS as it does in the periphery. 


Methods 
Release of cortical acetylcholine 


All experiments described here were carried out on 
Sprague-Dawley rats weighing 250—350g which 
were lightly anaesthetized with pentobarbitone 
(30 mg/kg) and urethane (400 mg/kg) mixture. The 
release of cortical ACh was investigated in the 
presence of neostigmine (50 ug/ml) and atropine 
(0.5 pg/ml) using the cup technique of MacIntosh & 
Oborin (1953). Experimental details of the procedure, 
as employed in the rat, have been described fully in a 
previous paper (Jhamandas & Sutak, 1974). 


Lesioning and stimulation 


Thermal lesions were placed bilaterally in the medial 
thalamus with a radio frequency lesion generator 
(David Kopf Instruments, Model RFG-4) using co- 
ordinates (AP3.4, L+ 1.0, HV—1.0) according to the 
rat stereotaxic atlas compiled by Pellegrino & 
Cushman (1967). Electrical stimulation was applied to 
the same area, and also to the reticular formation (AP 
1.6, L 2.0, HV—2.5), by a concentric electrode 0.5 pm 
in diameter. Stimuli of 0.3 ms duration, rate of 10 Hz 
for 1s, repeated every 10s, were delivered through a 
Grass Stimulator (Model S-88). Electrode positions 
and sites of lesions were verified histologically. 
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Figure 2 The reversal of morphine-induced (Morph) inhibition of acetylcholine (ACh) release by the 
antagonist naloxone (Nal) after (a) its injection or (b) topical application to the left cortex. In both (a) and (b) the 
mean results of four experiments are shown; vertical Hnes show s.e. mean. The average resting release in the 
first two collections, which Is represented as 100% was 3.4 + 0.4 and 4.1 + 0.6 ng 30 min— 0.25 cm-? In (a) and 


(b) respectively. (O) = Control. 


Assay of acetylcholine 


The solutions collected from the cerebral cortex 
were assayed biologically on the hearts of the clam 
Mercenaria mercenaria as described previously 
(Jhamandas et al., 1971). 


Drugs and treatment 


Drugs used were atropine sulphate, naloxone 
hydrochloride, naltrexone hydrochloride, neostigmine 
bromide, pentobarbitone sodium and urethane. All 
drug solutions, except those applied topically, were 
prepared by dissolving the drugs in 0.99% w/v NaCl 
solution (saline). Weights of drugs refer to the salts. 
Chronic morphine injections were administered to rats 
as described in a previous paper (Jhamandas & Sutak, 
1974). 


Results 


Effects of naloxone and morphine on the spontaneous 
release of acetylcholine 


The histograms in Figure 1 show results of 
experiments in which the effects of naloxone alone 
were investigated on the spontaneous release of 
cortical ACh following its injection or topical 
application. Injections of the drug in doses 


0.1—0.2 mg/kg intravenously, and 1.0-2.0 mg/kg intra- _ 


peritoneally had no significant effect on this release. 
Similarly an application of two naloxone solutions (1 
and 5 ug/ml) to the cortex, each for a total of 60 min, 
did not affect the resting output of ACh. In separate 
experiments, the effects of injected and locally applied 
naloxone were investigated following pretreatment 
with morphine (2.5 mg/kg i.v.). Morphine consistently 
reduced the output of ACh to about 50% of the pre- 
drug value (Figure 2). A subsequent injection of 
naloxone (0.1 mg/kg) not only induced a complete 
reversal of the morphine effect but caused the output 
of ACh to exceed the value of resting release by nearly 
200% (Figure 2a). This effect was sustained and it did 
not begin to decline towards the resting value until the 
third post-naloxone collection period. It was reasoned 
that if naloxone was acting at the cortical level to 
reverse morphine-induced depression of release, then 
its local application at this site should produce a 
comparable degree of antagonism. In the next 
experiment, results of which are shown in Figure 2b, 
two solutions of naloxone were applied to the cortex 
unilaterally after depression of the release of ACh with 
intravenously injected morphine. Although a reversal - 
of this depression by naloxone was discernible, as 
indicated by a more rapid recovery of release in the 
treated side, this antagonism was sluggish when 
compared with the large and rapid effect of the 
injected drug in the previous tests. Despite a prolonged 
application period, the release of ACh following 
topical naloxone was never as high as that observed 
after its injection. These results suggested that the 
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Figure 3 The effect of lesioning medial thalamus (MT) on (a) the antagonism of morphine effect on 
acetylcholine (ACh) release by naloxone and (b) the inhibitory effect of morphine on ACh release. Naloxone 
(Nal) and morphine (Morph) were Injected 5 min after making the lesion In (a) and {b}, respectively. Mean of 4 
experiments Is shown In (a) and of 6 experiments in (b); vertical lines show s.e. mean. The average resting 
release (100%) values were 3.8 +0.7 and 2.86 +0.2 ng 30 min” 0.25em™. 


antagonist may have been diffusing slowly from the 
cortex to a subcortical site and subsequently acting 
there to reverse the action of the agonist. 


Naloxone and morphine effect on acetylcholine release 
after lesion placement 


The possibility that naloxone may be antagonizing the 
action of morphine on the cortical ACh release by 
acting at a subcortical site was investigated in 
experiments where the medial thalamus was lesioned 
before naloxone injection. The effect of morphine itself 
was also investigated in similar tests. Results of the 
lesion experiments are shown in Figure 3a and b. In 
preliminary tests it was established that the 
introduction of the lesion probes, or the electrodes into 
the brain, had no significant action on the basal output 
of cortical ACh. As shown in Figure 3a, a morphine 
injection (2.5 mg/kg) produced the expected inhibition 
of the cortical ACh release. When an inhibition had 
occurred, the medial thalamus was lesioned bilaterally 
and, 5 min later, an injection of naloxone (0.1 mg/kg) 
was administered to the animal. Naloxone did not now 
produce the large increase in the cortical release of 
ACh as it had done in the previous experiments shown 
in Figure 2a. The release of ACh after morphine 
injection and lesioning reached the control level in the 
next 30min period following a lesion. This post- 
morphine recovery of the release of ACh to control 
levels was apparently more rapid than the recovery 


from the same dose of morphine in earlier tests which 
did not involve lesioning (Figure 2b, control side). This 
observation suggested that lesioning may have 
destroyed the site(s) at which morphine was exerting 
its inhibitory effect, and thereby terminated the 
agonist action. This possibility was tested in other 
experiments where lesions in the medial thalamus were 
placed before an injection of morphine (2.5 mg/kg). 
As shown in Figure 3b the agonist now failed to 
depress the cortical ACh release. A post-morphine 
injection of naloxone also did not modify the release. 


Effects of naloxone on electrically stimulated 
acetylcholine release 


The effects of a low dose of naloxone (0.1 mg/kg) were 
investigated on the cortical output of ACh evoked by 
electrical stimulation delivered to the medial thalamus 
in some tests, and the mesencephalic reticular 
formation in others. Experiments were carried out in 
normal rats, and in animals that had been chronically 
treated with repeated injections of morphine. 
Preliminary tests in the normal animals indicated that 
two successive periods of electrical stimulation, 
delivered at 10 Hz to the same region and when 
separated by 60—90 min, consistently provoked 
similar increments in the output of cortical ACh over 
its pre-stimulus value. This observation allowed the in- 
vestigation of drug effect on the evoked output in the 
same animal by using one stimulation period as the 
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Figure 4 Effects of electrical stimulation of the 
medlal thalamus on the release of cortical 
acetylcholine (ACh) before and after a naloxone (Nal) 
Injection in a normal rat and a morphine-dependent 
rat (single experiments). Stimulation (S) was applied, 
during the periods indicated by the bar, Immediately 
following the drug Injection. 


control, and delivering the other in combination with 
the drug under investigation. 

The results of representative tests with naloxone in 
normal and morphine-dependent animals are shown in 
Figure 4, while the combined results of several tests 
are shown in Figure 5. As shown in Figure 4 (left 
histogram) the electrical stimulation of the medial 
thalamus alone in the normal rat increased the cortical 
ACh output by 50% over the pre-stimulus resting 
level. When the stimulation was delivered immediately 
after naloxone the release of ACh rose to about 120% 
over the resting value, indicating a clear facilitation of 
the electrically evoked release by the antagonist. The 
low dose of naloxone used here was without effect on 
the spontaneous release as observed earlier (Figure 1). 
In a comparative test on the morphine-dependent 
animal, also shown in Figure 4 (right histogram), the 
stimulation. alone increased the release by 150% and 
its combination with naloxone treatment caused the 
output to rise to nearly 300% over the resting value. 
This indicated that pretreatment with morphine 
greatly intensified the stimulatory effect of naloxone 
on the electrically induced release of ACh from the 
cortex. The morphine-dependent animals, although 
under the influence of the anaesthetic, in these tests 
exhibited mild classical signs of opiate withdrawal 
soon after receiving naloxone. These signs did not 
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Figure 5 Effect of electrical stimulation of the 
medial thalamus (MT) or the reticular formation (RF) 
before and after naloxone injection In normal and 
morphine-dependent rats. The results obtalned from 
four to six experiments, of the type shown In Figure 4, 
have been normalized by expressing the stimulated 
release as a percentage of the pre-stimulus resting 


release. In experiments Involving MT and RF 
stimulation the average values, expressed as ng 


30 min-' 0.25 cm, for resting release were: control 
rats, 4.7+0.3 (m=6) and 3.7+0.9 (n=4), 
respectively; morphine-dependent rats, 3.0+0.2 
(n=4) and 3.3 +0.8 (n=4). 


appear in the normal rats but piloerection and 
salivation was often observed in these animals. 

The results of several experiments in which 
naloxone effects were tested on the electrical 
stimulation of either the medial thalamus, or the 
reticular formation are shown in Figure 5. As shown 
here, naloxone facilitated the electrically evoked release 
when both subcortical sites were stimulated. However, 
its action on the evoked release following medial 
thalamus stimulation were greater in magnitude, in 
both normal and morphine-treated animals, suggesting 
a possibly greater sensitivity of this site to the 
antagonist’s action. 

In order to investigate whether the actions of 
naloxone were shared by the other opiate antagonists 
its effects were compared with those of a related agent, 
naltrexone. Initial tests with a low dose of naltrexone 
(0.1 mg/kg) indicated a lack of significant effect on the 
spontaneous release when administered by itself, and a 
rapid reversal of morphine effect when administered 
after the agonist. The effects of naltrexone on the 
release of ACh evoked by the stimulation of medial 
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Figure 6 Effect of naltrexone (NT) on the relaase of 
cortical acetylcholine (ACh) evoked by the electrical 
stimulation of the medial thalamus in a normal rat 
(single experiment). Stimulation (S) was applied 
during the period indicated by the bars, immediately 
following the drug Injection. 


thalamus are shown in Figure 6; like naloxone, it 
markedly increased the stimulated output of ACh in 
three of the five experiments on normal animals. Its 
effect in the morphine-dependent animals was not 
tested. 


Discussion 


The inhibitory effects of morphine on the release of 
cortical ACh could result from its action at the 
cholinergic nerve terminals in the cortex, or at some 
subcortical site in the ascending system of cholinergic 
neurones projecting to the cortex. Evidence from 
previous investigations with morphine favours the 
latter possibility. These studies have shown that 
application of morphine solutions to one side of the 
cortex depresses the release of ACh on both sides of 
the cortex, possibly by diffusion of the drug to a 
subcortical site (Jhamandas, Pinsky & Phillis, 1970). 
Szerb (1974) has reported that the release of labelled 
ACh from isolated slices of the cortex and other 
regions was not inhibited in the presence of morphine. 
In a recent study of two narcotic agonists, methadone 
and levorphanol, and their isomers, it was found that a 
clear stereospecificity of inhibitory action of the 
cortical ACh release could be observed in vivo but not 


in vitro (Jhamandas, Hron & Sutak, 1975). The 
experiments described here, in which lesions placed in 
a lower level resulted in a loss of morphine effect, 
provide further evidence for a subcortical site of 
action. The fact that both the depressant effect of 
morphine on release of ACh and its antagonism by 
naloxone were abolished following lesioning of the 
medial thalamus suggests that this region could be an 
important site for an interaction between the opiate 
agonist and its antagonist occurring in the ascending 
cholinergic system. The slow antagonism of injected 
morphine by cortically applied naloxone observed 
here could have resulted from a slow diffusion of the 
antagonist to this region. Since the medial thalamus is 
interposed between the brainstem reticular formation, 
where the outflow of the ascending cholinergic system 
originates, and the cerebral cortex, where ACh is 
released, the possibility of an even lower site of action 
cannot be excluded on the basis of the present 
experiments. In this context, Garau, Mulas & Pepeu 
(1975) have reported that a loss of morphine action on 
the cortical ACh release results following lesions of 
the raphe nuclei in the brainstem. 

Although naloxone has been shown to have no 
significant action on the spontaneous release, the 
experiments described here show that it greatly 
increases the electrically stimulated release of ACh. 
This finding in the CNS is similar to that of Waterfield 
& Kosterlitz (1975) in the guinea-pig myenteric 
plexus, where naloxone and two benzomorphan 
antagonists were found to enhance the electrically 
induced release of ACh. Since a stereospecificity of 
this action with antagonists of the benzomorphan 
series could be demonstrated, these authors suggested 
that the opiate antagonists may be enhancing the 
stimulated release by antagonizing the action of 
enkephalin which is present in the guinea-pig ileum 
and inhibits the release of ACh in this preparation 
(Hughes et al, 1975). Although a stereospecificity of 
the facilitatory action of antagonists on the evoked 
release was not investigated in the present tests, the 
results obtained could be interpreted in similar terms. 
The facilitation of central ACh release by naloxone 
may reflect the antagonism of enkephalin or a 
morphine-like factor (Hughes, 1975; Pasternak, 
Goodman & Snyder, 1975) which is perhaps released 
following electrical stimulation. The possibility of the 
facilitatory effect being simply a non-specific action of 
naloxone is diminished by the fact that it was (a) 
apparent at a low dose of the antagonist, (b) intensified 
by making the animals morphine-dependent and (c) 
observed with another selective antagonist, naltrexone. 
It is also apparent that the facilitation of stimulated 
release was greater following the thalamic stimulation 
than the reticular stimulation. The reason for this 
difference is not clear, however, it is attractive to 
suggest that the difference could be due to a greater 
release of enkephalin by the thalamic stimulation, and 
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consequently a more effective antagonism by 
naloxone. These observations suggest that the action 
of enkephalin on central release of ACh, and its 
antagonism by naloxone, should be evaluated in future 


experiments. 
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THE EFFECT OF CATECHOLAMINES 

ON THE INFLUX OF CALCIUM 

AND THE DEVELOPMENT OF TENSION 

IN DENERVATED MOUSE DIAPHRAGM MUSCLE 


R.H. EVANS & J.W. SMITH’ 
Department of Pharmacology, The Medical School, 
University Walk, Bristol BS8 1TD 


1 The nature of the catecholamine-induced contracture of chronically denervated mouse diaphragm 
muscle has been investigated and compared with the contractural response evoked by acetylcholine. 


2 The time course of onset of catecholamine-sensitivity in denervated diaphragm muscles was similar 
to the development of acetylcholine sensitivity. However, catecholamine contractures were absent in 
tissues denervated for periods longer than 90 days whereas acetylcholine-sensitivity was still evident 
several months after denervation. 

3 The catecholamine-induced contracture of the denervated muscle was inhibited specifically by £- 
receptor blocking drugs and was unaffected by a-receptor blocking drugs and cholinoceptor 
antagonists. 

4 Catecholamine-induced contractures of denervated muscles, unlike contractures to acetylcholine, 
were dependent upon the presence of spontaneous fibrillation and the amplitude of spontaneous 
fibrillation was increased by catecholamines. Fibrillation was absent in the presence of tetrodotoxin 
(1 pM), 2,4-dinitrophenol (10 uM), potassium cyanide (10 uM), ouabain (100 um), in lithium chloride 
Ringer solution and at low temperature. Under these conditions catecholamine-induced contractures, 
but not those to acetylcholine, were abolished, 

5 Labelled calcium was found progressively to enter denervated muscle fibres and this entry of 
calcium was increased by catecholamines. It is suggested that this calcium entry may represent either 
an increased calcium permeability of denervated muscle fibres which is increased further by 
catecholamines or the presence of a calcium current that occurs during the fibrillatory potentials of 
denervated muscle. 


Introduction 


Chronically denervated mammalian skeletal muscle contracture of denervated muscle with the acetyl- 


has been shown to produce contractures to applied 
catecholamines both in vivo (Bowman & Zaimis, 
1961; Bowman & Raper, 1965; Turkanis, 1969) and 
in vitro (Montagu, 1955; Bhoola & Schachter, 1961; 
Paterson, 1963; Bhoola, Evans & Smith, 1972). The 
mechanism underlying this contractural response is 
poorly understood. Following denervation, 
mammalian skeletal muscle also produces a 
contracture in the presence of acetylcholine (Brown, 
1937; Rosenbleuth & Luco, 1937). It has been 
demonstrated that this response is the result of 
development of cholinoceptors over the entire muscle 
fibre surface (Axelsson & Thesleff, 1959). The present 
experiments were designed to compare the 
pharmacology of the catecholamine-induced 


1 Present address: Department of Physiology, Queen 
Elizabeth College, Campden Hill Road, London W8 7AH. 


choline contracture, in order to see if there were any 
similarities in the mode of action of these drugs. 

It was observed in the course of these experiments 
that the denervated muscle contracted in response to 
the catecholamines provided that the bathing fluid 
contained calcium. Similar findings were reported by 
Bhoola & Schachter (1961). Much evidence suggests 
that calcium ions play an important part in the linkage 
between excitation and contraction in muscles with 
normal resting potentials (see Sandow, 1965). Conse- 
quently, it was of special interest to study the calcium- 
dependence of these contractures and the effect of 
catecholamines on calcium fluxes. 

The results obtained indicate that there may be a 
similarity between the response of denervated muscle 
to the catecholamines and the known effect of these 
drugs on the twitch tension of innervated muscle 
(Bowman & Zaimis, 1955, 1958; Bowman, Goldberg 
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& Raper, 1962) in that activation of fibres is a 
prerequisite for both processes. In denervated muscle 
the activation of fibres occurs spontaneously and is 
known as fibrillation (Tower, 1939). Some of these 
results have been presented in a preliminary form 
(Bhoola et al., 1972). 


Methods 


Diaphragm muscles from adult mice of either sex, 
body weight 25 to 35 g, were used. The diaphragms 
were denervated by intrathoracic section of the left 
phrenic “nerve under chloroform anaesthesia at 
various intervals before the mice were killed. Isolated 
hemidiaphragms were suspended in a 10 ml organ 
bath which was filled with Ringer solution of the 
following composition (mM): NaCl 130, KCI 5, 
NaH,PO, 1, CaCl, 2.5, MgCl, 1, NaHCO, 12 and 
glucose 12. This solution was gassed with 95% O, and 
5% CO, at all times and the temperature was 
maintained at 37+2°C unless stated otherwise. In 
some experiments the effects of lithium ions off the 
contractile response of denervated skeletal muscle to 
acetylcholine and isoprenaline and on the influx of 
calcium into denervated muscle was investigated. In 
these experiments lithium Ringer solution of the 
following composition was used (mM): LiCl 130, KCI 
5, NaH,PO, 1, CaCl, 2.5, MgCl, 1, KHCO, 12 and 
glucose 12. 

Isometric tension developed by the muscles in 
response to drugs or electrical stimulation was 
measured with Sangamo displacement transducers 
(type D1/100) under an applied resting tension of 
2 grams. The output from these transducers was led 
through a preampliflier with a pre-set gain of 1 to 10 
into a Devices heated stylus pen recorder (type 
DC5H). 

In order to stimulate muscles electrically, silver wire 
electrodes were placed at each end of the muscle and 
rectangular pulses of 1 ms duration and supramaximal 
intensity at a frequency of 0.05 Hz were applied. 

To investigate the effect of isoprenaline and 
acetylcholine on calcium influx into denervated 
diaphragm muscles, paired segments of 
hemidiaphragms or groups of whole diaphragms were 
incubated for 3 min with “Ca Ringer solution and 
drug was then added to one of the segments or groups 
of muscles. After a given period of incubation, the 
muscles were rinsed briefly in tracer-free Ringer 
solution and the “Ca content was measured as 
described by Evans (1974). 

The extent of the extracellular space in mouse 
diaphragm muscles was determined by the use of 
3S0, as an extracellular marker (Walser, 1954; 
Robert, 1956). In these experiments, diaphragm 
muscles together with the rib cage were excised and 
incubated in Ringer solution to which Na, 3S0, 


(0.1 uCi/ml Ringer) was added. After a given period 
of incubation, the diaphragm muscles were rinsed in 
45S0,-free Ringer solution, blotted, and dissected free 
of the rib cage and tendon. Each diaphragm was then 
separated into right and left hemidiaphragms and the 
wet weight of the hemidiaphragms was determined on 
a torsion balance. The weighed muscle samples were 
digested with 0.3 mi 0.3M NaOH, then 2m! of 
methanol and 10 mi of phosphor (2, methoxyethanol, 
3 litres, toluene 7 litres, 2,5-diphenyloxazole 40 g, 1:4- 
di-2 (5-phenyloxazolyl)-benzene 1 g) was added to the 
samples before measurement of *°S by liquid scintilla- 
tion counting. The *°SO, space was calculated as 


ct/min pet g wet weight of muscle 
ct/min per ml of Ringer 
Results 


Characteristics of the contractural response 


Responses of denervated mouse diaphragm muscle to 
acetylcholine and (+)-isoprenaline are shown in 
Figure la, and the time course of contracture in the 
continued presence of both drugs is illustrated in 
Figure 1b. It can be seen that the response to 
isoprenaline is slower in onset and has longer duration 
than that to acetylcholine. The thickness of the base- 
line in Figure la and in subsequent records was 
produced by the spontaneous fibrillatory activity 
of the muscles. The catecholamine contractural 
response was accompanied by an increase in 
fibrillatory activity which can be seen as the increased 
amplitude of the base-line that occurs at the peaks of 
the isoprenaline responses in Figure la. It was found 
that the increase in tension and fibrillation produced 
by the application of isoprenaline to denervated 
diaphragm muscle was maintained for up to 45 min 
following washout of the drug. Tachyphylaxis to 
successive doses of isoprenaline given at intervals of 
less than 30 min was observed, and there appeared to 
be a deterioration of the catecholamine response 
compared to the acetylcholine response in tissues that 
had been mounted in Ringer solution for longer than 
six hours. 

The response of denervated mouse diaphragm to 
the catecholamines was not always a simple increase 
in tension. Occasionally the response was biphasic and 
the contraction was preceded by a small and short 
lasting reduction in tone. Similar findings were 
reported by Bowman & Raper (1965) for denervated 
soleus and tibialis anterior muscles of the cat in vivo. 

The maximum tension developed by denervated 
mouse hemidiaphragm muscles to acetylcholine was 
1.71g+0.16 s.e. mean (n=5). Isometric tensions 
produced by isoprenaline were smaller and were 
usually about 20% of those produced by 
acetylcholine. 
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Figure 1 (a) Contractural responses of denervated 


diaphragm muscle of mouse evoked by acetylcholine, 
Bum (ACh) and isoprenaline, 34m (Iso). The 
recording was stopped 1min after addition of 
acetylcholine and 2 min after addition of Isoprenaline 
to the bathing fluld and fresh Ringer solution perfused 
until the tension had retumed to the base-line. (b) 
Time course of the change in Isometric tension of 
denervated mouse diaphragm muscle in the presence 
of acetyicholine and Isoprenaline. The percentage of 
the maximum tension developed is plotted against 
time after application of drug. (@) Acetylcholine, 
4 um; (O) Isoprenaline, 2.5m. Each point is the 
mean response of five muscles. Vertical lines show 
s.e. mean. 


Development of the contractural response 


In order to see if catecholamine-sensitivity of 
denervated diaphragm muscle developed in a similar 
way to acetylcholine-sensitivity, maximum 
contractural responses of denervated mouse 
diaphragm muscle to isoprenaline and acetylcholine in 
Ringer solution at 37°C were measured at various 
times after denervation. Isoprenaline was chosen as 
the most suitable catecholamine stimulus because the 
tissue showed highest specificity towards this 
catecholamine (see Figure 3). Figure 2 shows the time 
course of the development of the response to both 
drugs. Two days after denervation both acetylcholine 
and isoprenaline produced detectable contractural 
responses. in the denervated muscle. The maximum 
effect of both drugs appeared after 14 days 
denervation. However, isoprenaline-induced 
contractures were absent in muscles that had been 
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Figure 2 Time course of the development of 
sensitivity to acetylcholine and iIsoprenaline of 
denervated diaphragm muscle of mouse. Maximum 
contractural responses to 2 mM acetylcholine (@) and 
2.5 uM Isoprenallne {O) expressed as a percentage of 
the mean response at 16 days are plotted against 
time after denervation. Each point is the mean 
response of five muscles. Vertical [Ines show s.e. 
mean. 


denervated for longer than 90 days, whereas 
acetylcholine contractures were still present in muscles 
230 days after denervation. 

The fact that isoprenaline contractures were absent 
in muscles which still responded to acetylcholine, 
suggested that the development of sensitivity to 
acetylcholine and to isoprenaline in denervated 
diaphragm muscles involved separate processes. 
Further indication of the difference between the 
development of acetylcholine and _ isoprenaline- 
sensitivity in skeletal muscle was obtained from 
studies on foetal and neonatal tissues. In these 
experiments it was found that whereas acetylcholine 
produced contractures in diaphragms taken from eight 
22-day old foetal and six 2 to 3 day old neonatal rats, 
no contractures to isoprenaline were observed in these 
tissues. 


Specificity of the contractural responses to 
acetylcholine and the catecholamines 


To show how specific the contractural responses of 
denervated muscles to acetylcholine and isoprenaline 
were, the effects of several other potential agonists 
were tested. It was found that denervated mouse 
diaphragm muscle failed to contract in the presence of 
histamine (10 puM), 5-hydroxytryptamine (10 uM), 
bradykinin (0.01 uM), vasopressin (0.2 u/ml), y- 
aminobutyric acid (2 mM) and L-glutamate (2 mM). 
However, the cholinomimetic drugs carbachol, 
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Figure3 Dose-response curves of denervated 
diaphragm muscle of mouse to (+)-isoprenaline (O), 
(-)-adrenaline (@) and (—}-noradrenaline {M). Each 
point is the mean result from at least four muscles. 
Vertical lines show s.e. mean. 


butyrylcholine and nicotine, and the three 
catecholamines, (—)-noradrenaline, (—)-adrenaline and 
(+}isoprenaline ali produced dose-dependent 
increases in tension in the denervated muscle. Figure 3 
compares dose-response relations of denervated 
diaphragm muscles to the three catecholamines. The 
tension produced by each drug is plotted as a 
percentage of the maximum response. On a molar 
basis isoprenaline was one and a half times as potent 
as adrenaline which was in turn twice as potent as 
noradrenaline. 

The increase in tension produced by adrenaline and 
isoprenaline was unaltered by (--}tubocurarine (7 uM) 
and atropine (20 uM) in concentrations that blocked 
the acetylcholine response. The contractural responses 
of denervated muscles to isoprenaline and adrenaline 
were unaltered also by the a-adrenoceptor blocking 
agents phentolamine (Figure 4a) and thymoxamine 
(luM to 10M). However, catecholamine 
contractures of denervated diaphragm muscles were 
blocked by the -adrenoceptor antagonists 
propranolol (Figure 4b), sotalol and methoxamine 
(0.01 uM to 10M) added either before or in the 
presence of the agonist. These results suggest that 
denervated mouse diaphragm muscle possesses f- 
adrenoceptors that are separate from 
cholinoreceptors. 

The relationship of $-adrenoceptive effects to 
cyclicadenosine 3’,5’-monophosphate (cyclic AMP) 
levels is well documented (Robison, Butcher & 
Sutherland, 1971) and Bowman & Nott (1969) have 
suggested that cyclic AMP is involved in the 
adrenoceptive processes of skeletal muscle fibres. 
However, in the present experiments, neither cyclic 
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Figure 4 The effect of propranolol, phentolamine 
and ouabain on contractural responses of denervated 
dlaphragm muscle of mouse evoked by acetylcholine, 
Bum (ACh), and Isoprenaline, 2.6m (Iso). The 
muscles were preincubated with propranolol or 
phentolamine for 2 min or with ouabain for 5 min and 
were then treated with acetyicholine or Isoprenailne 
In the presence of the antagonist. Responses 
recorded as for Figure 1 (a). 


AMP nor the dibutyryl ester of cyclic AMP (10 uM to 
į} mM) produced any effect on the tension of 
denervated muscles or modified the contractures 
produced by either acetylcholine or catecholamines. 
Catecholamines are known to stimulate 
glycogenolysis in skeletal muscle as in most tissues via 
a cyclic AMP-mediated process (Mayer & Stull, 
1971). However, it is unlikely that this process is 
immediately essential for the catecholamine-induced 
contracture of denervated muscles because it was 
found that substitution of sucrose for glucose in the 
Ringer solution abolished isoprenaline-induced 
contractures within 15 minutes. On restoration of 
glucose, isoprenaline-induced contractures 


‘reappeared. Acetylcholine-induced contractures were 


not abolished by this treatment. If catecholamine- 
induced contractures were a direct result of increased 
glycogenolysis such immediate dependence on the 
external glucose would not be expected. 
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Figure 5 The effect of temperature on drug- 
induced contractural responses of denervated 
diaphragm muscle of mouse and on the fibrillatory 
activity of the muscle. {O} Tenslon developed in the 
presence of lsoprenallne, 2.6 um; (@) tension 
developed in the presence of acetyicholine, 3 um; (I) 
amplitude of the fibrillatory activity of the muscle. 
Each point is the mean result from at feast four 
muscles. Vertical lines show s.e. mean. 


Effect of temperature, metabolic inhibitors, cardiac 
glycosides and lithium 


Figure 5 shows the effect of temperature on the 
response of denervated muscle to acetylcholine and 
isoprenaline. It can be seen that the response to 
acetylcholine was greater at 18°C than at 37°C. 
Similar findings have been reported by Letley (1960) 
and Freeman & Turner (1969). On the other hand, the 
isoprenaline response showed a definite peak at 37°C 
as did the amplitude of the fibrillatory activity of the 
muscle. To investigate this further the response of 
denervated muscles to acetylcholine and isoprenaline 
was measured after treatment with metabolic 
inhibitors potassium cyanide (10M) and 2,4- 
dinitrophenol (10M). It was found that both 
metabolic inhibitors increased the resting tension and 
abolished the fibrillatory activity of the denervated 
muscle. In the presence of 2,4-dinitrophenol and 
potassium cyanide, isoprenaline-induced contractures 
of the denervated muscle were absent whereas 
acetylcholine contractures were unaffected or only 
partially inhibited. After removal of potassium 
cyanide from the muscle bath responses to 
isoprenaline reappeared after 15 minutes. However, 
the effects of 2,4-dinitrophenol were found to be 
irreversible. 

The effects of glucose, 2,4-dinitrophenol, 
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potassium cyanide and temperature suggested that the 
response of denervated muscle to isoprenaline was 
immediately dependent on oxidative metabolism. To 
test whether this dependence on oxidative metabolism 
was related to the action of the sodium pump of the 
muscle membrane, the effects of lithium and the 
cardiac glycosides ouabain and strophanthin K were 
investigated. Addition of ouabain (100M) or 
strophanthin K (100 uM) to the organ bath resulted in 
a rapid decrease (within 7 min) in the resting tension 
and fibrillatory activity of the denervated muscle. The 
introduction of lithium Ringer solution produced a 
gradual increase in the resting tension which reached 
Its peak within 20—30 minutes. This increase in 
tension was accompanied by a decrease in the 
fibrillatory activity of the muscle. Preincubation of the 
denervated muscle with ouabain (Figure4c) or 
strophanthin K for 15 min, or in lithium Ringer 
solution for 2h abolished responses to isoprenaline 
but had little effect on acetylcholine contractures. 


Effect of tetrodotoxin 


Katz & Miledi (1967) found that depolarization of the 
extra-junctional membrane of denervated muscle 
produced by acetylcholine was insensitive to 
tetrodotoxin. On the other hand, the generation of 
action potentials in innervated muscle is blocked by 
tetrodotoxin (Narahashi, Deguchi, Urakawa & 
Ohkulo, 1960), which appears to inhibit specifically 
the inward sodium current (Kao, 1966). To see if the 
action of tetrodotoxin would provide a clue to the 
mechanism of the catecholamine-evoked contracture 
of denervated muscle, the effects of this drug were 
compared on both denervated and innervated 
diaphragm preparations. It was found that 
tetrodotoxin at a concentration of 34M completely 
blocked the innervated preparation to direct and 
indirect stimulation within 15 minutes. Similar doses 
of tetrodotoxin caused a decrease in resting tension of 
the denervated diaphragm and abolished both 
fibrilatory activity and isoprenaline-induced con- 
tractures. However, even after exposure for 60 min, 
tetrodotoxin (3M) was without effect on 
acetylcholine contractures. 

The finding that the response to acetylcholine of 
denervated diaphragm muscle was totally unaffected 
by concentrations of tetrodotoxin that rapidly blocked 
the innervated preparation, provides confirmation for 
the view that the acetylcholine contracture of 
denervated skeletal muscle is the result of non- 
propagated depolarization of the muscle membrane 
(see Thesleff, 1960). However, the observation that 
isoprenaline contractures of the denervated muscle 
were absent in the presence of tetrodotoxin indicates 
that generation of the muscle fibre action potential is a 
prerequisite for the catecholamine response. 
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Figure 6 The time course of accumulation of 
calclum by denervated and Innervated diaphragm 
muscles of mouse. Dlaphragms were incubated in 
‘Ca Ringer solution at 37°C for the Intervals 
indicated and were then prepared for liquid scintilla- 
tlon counting as described In the Methods section. 
(O) Calclum accumulated In denervated muscles; (@) 
calclum accumulated In innervated muscles. Each 
point is the mean result from six muscles. Vertical 
lines show s.e. mean. The dashed line indicates the 
level of *°Ca contained by the extracellular space. 


Entry of calcium 


Bhoola & Schachter (1961) reported that 
catecholgmine-evoked contractures of denervated rat 
diaphragm muscle were dependent upon the presence 
of calcium in the Ringer solution. In the present 
experiments the dependence of isoprenaline con- 
tractures, acetylcholine contractures and contractions 
caused by direct electrical stimulation of muscles, on 
the calcium concentration of the Ringer solution was 
examined. After 45 min in calcium-free Ringer 
solution, the drug-induced contractures were absent 
but contractions caused by electrical stimulation were 
still evident after 2hours. Thus the drug-induced 
contractures were specifically dependent on the 
presence of external calcium ions. 

The influence of external calcium on the drug- 
induced contractures was investigated further by 
incubating muscles in Ringer containing “CaCl, as a 
tracer. First, the resting entry of “Ca into denervated 
and innervated sides of diaphragm muscles was 
compared. To determine whether “Ca entered muscle 
fibres, the entry of **Ca was compared with the entry 
of 35SO,. The entry of *5SO, into muscles gave a value 
for the extracellular space of the innervated sides of 
muscles of 0.25+0.02, and 0.28+0.02 s.e. mean 
(n= 10) for the denervated sides. These values were 
not significantly altered by drug treatment. The entry 
of “Ca into the innervated sides of muscles reached a 
plateau between 10 and 20 min after placing muscles 
in “Ca Ringer solution and this plateau level 
corresponded with the “SO, space shown by the 


dashed line in Figure 6. However, on the denervated 
side there was a progressive entry of “*Ca into muscle 
fibres (upper curve Figure 6). 

Table 1 shows the effect of 4 and 20 min incubation 
with 2.5 uM isoprenaline on the entry of “Ca into 
paired segments of denervated hemidiaphragms. 
Treatment with isoprenaline for 4 min caused a 
threefold increase in the entry of ‘Ca into muscle 
fibres (P <0.001). A similar effect was observed with 
adrenaline (2.7 uM). When denervated muscles were 
incubated in “Ca Ringer solution for 2h and then 
placed in tracer-free Ringer solution, they lost 30% of 
the tracer in 4 minutes. Addition of isoprenaline 
(2.5 uM) to the washout solution had no significant 
effect on this loss of **Ca, Therefore, a net increase in 
the influx of calcium into the muscle fibres was caused 
by isoprenaline. The initial rate of influx of calcium 
caused by isoprenaline could not have been sustained 
because after 20 min the amount of “Ca in drug 
treated tissues was not significantly different from 
controls (Table 1). 


Table 1 Effect of Isoprenaline (2.5m) on 
accumulation of *®Ca in denervated mouse dlaphragm 
muscles 


umol Ca/g wat tissue 
Incubation time Control muscles Treated muscles 
{min) 
4 0.15+0.01 0.53 + 0.06 
20 0.87 +0.05 0.94 + 0.08 


Values are mean of 18 muscles + s.e. mean. 


In innervated muscles no catecholamine-induced 
influx of labelled calcium was observed either at the 
junctional region or in the non-innervated segments. 
Furthermore, the isoprenaline-induced influx of “Ca 
did not occur in muscles that had been denervated for 
100 days, or in denervated muscles that were 
equilibrated with lithium Ringer solution, in the 
presence of ouabain (100 uM) or propranolol (1 uM), 
or at 18°C, all of these being experimental conditions 
in which the contractural response is absent. 


Discussion 


In the present study it was found that the increase in 
tension produced by the catecholamines in denervated 
mouse diaphragm muscles was accompanied by an 
increase in the fibrillatory activity of the muscles. Both 
the contractural response and increase in fibrillatory 
activity were related in terms of the relative potency of 
the catecholamines and sensitivity to antagonists. A 
catecholamine-induced increase in electrical activity 
associated with fibrillation of denervated muscle has 
been reported elsewhere (Bowman & Raper, 1965; 
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Smith & Thesleff, 1975). Bowman & Raper (1965) 
suggested that there was a causal relationship between 
the catecholamine-evoked increase in the frequency of 
fibrillatory potentials and contracture. The present 
evidence supports this view because the absence of 
isoprenaline-evoked contractures of denervated 
muscle in the presence of tetrodotoxin indicates very 
clearly the role of propagated action potentials in the 
increase in tension. The evidence from calcium flux 
measurements is supportive also in this respect 
because these show that the catecholamine-induced 
contracture of denervated diaphragm muscle is 
accompanied by an influx of calcium, which is known 
to enter the muscle fibres during activity (Bianchi & 
Shanes, 1959; Evans, 1974), 

The 37°C optimum for the catecholamine response 
and the effects of 2,4-dinitrophenol, potassium 
cyanide, ouabain, strophanthin K and lithium could 
suggest a role for the sodium pump in the 
catecholamine-induced contracture of denervated 
muscle. This may be so, but Bowman & Raper (1964) 
showed that the frequency of fibrillatory potentials in 
denervated cat muscles was reduced by lowering the 
temperature and in the present study it was found that 
2,4-dinitrophenol, potassium cyanide, ouabain, 
strophanthin K and lithium all blocked the 
catecholamine response and abolished fibrillatory 
activity. Therefore, it is likely that the important effect 
of these substances, in so far as the response to 
catecholamines is concerned, is the abolition of 
fibrillation. 

Fibrillation of denervated muscles results from 
asynchronous contraction of muscle fibres and we 
have observed that only a fraction of denervated 
mouse diaphragm muscle fibres are contracting at any 
one time. Purves & Sakmann (1974) have estimated 
this fraction of active fibres to be about one-third for 
denervated rat diaphragm muscles. The results of 
Evans (1974) show that approximately 1 nmol Ca/mg 
dry muscle entered innervated mouse diaphragm 
muscles during a 15 min period of supramaximal 
tetanic stimulation. Thus if calcium entry per impulse 
is similar in denervated and innervated muscles then a 
value somewhat less than this would be expected for 
calcium entry into unstimulated denervated muscles. 
However, the present results (Figure 6) yield a value of 
1.0 nmol Ca/mg dry unstimulated muscles per 15 min, 
and there was an initial fourfold increase in this level 
of calcium entry after treatment with isoprenaline. 
Therefore, it appears either that the resting 
permeability to calcium is higher in denervated fibres 
than in innervated fibres, and that this is increased still 
further by isoprenaline, or that denervated fibres have 
a much higher level of calcium entry per propagated 
impulse than occurs in innervated fibres. 

At this stage it is possible to indicate some 
relationship between the increased tension of 
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denervated muscles and the increased twitch tension 
of innervated muscles produced by the catecholamines 
(Bowman & Zaimis, 1955, 1958; Bowman ef al., 
1962). In both cases muscle fibres have to be activated 
before any increase in tension can be shown. In the 
case of denervated muscle the activation is 
spontaneous but may be abolished by tetrodotoxin, 
which indicates the role of propagated action 
potentials in the increase in tension. In the case of 
innervated muscle there is no spontaneous activity and 
increased tension in the presence of catecholamines is 
only seen when muscles are stimulated electrically. 

The present results indicate clearly that in 
denervated mouse diaphragm muscles the responses to 
catecholamines were not caused by reaction with 
cholinoceptors but with specific f-adrenoceptors, 
because they were produced most effectively by 
isoprenaline and were selectively blocked by £- 
receptor blocking drugs. This is comparable to the 
effect of catecholamines on denervated muscles of the 
cat, In vivo (Bowman & Raper, 1965). However, 
Paterson (1963) reported that in isolated denervated 
diaphragm of the rat the contracture evoked by 
adrenaline was blocked most effectively by a-receptor 
blocking drugs, while Yamada & Harigaya (1974) 
reported a biphasic contractural response to 
adrenaline elicited through both a- and -receptors in 
denervated extensor digitorum longus and soleus 
muscles of the rat. We cannot explain the discrepancy 
between these results. 

Comparison of the time course of development of 
acetylcholine- and isoprenaline-induced contractures 
in denervated mouse diaphragm muscles showed that 
after long periods of denervation, responses could be 
obtained to acetylcholine but not to isoprenaline. This 
again suggests that the sensitivity of denervated 
muscles to acetylcholine and the catecholamines are 
two separate receptive processes. The observation that 
foetal and neonatal tissues produced contractures in 
the presence of acetylcholine but not isoprenaline 
supports this view. In tissues denervated for long 
periods, in which the contractural response to 
isoprenaline was absent, and in the foetal and neonatal 
tissues studied, fibrillatory activity was undiscernible. 
This observation provides a further confirmation for 
the view that fibrillation is an integral part of the 
process involved in the catecholamine contracture of 
denervated skeletal muscle. However, the problem of 
the relationship between the -adrenoceptor and the 
process which initiates spontaneous action potentials 
in denervated muscle fibres remains unsolved although 
the high resting influx of calcium in denervated 
muscles suggests the possibility that spontaneous 
inward calcium currents may play a trigger role. 
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EFFECTS OF t-TRYPTOPHAN 


AND -METHIONINE ON ACTIVITY IN THE RAT 


M. TAYLOR 


Department of Psychology, Concordia University, Montreal, Quebec, Canada 


1 The effects of an intraperitoneal dose of 20 mg/kg L-tryptophan and doses of 100 and 150 mg/kg 


of L-methionine were investigated on activity in the rat. 


2 Activity was measured by a time sampling behaviour categorization procedure, and began 15 min 
after compound administration, lasting for a total of one hour. 

3 Total active behaviour in the first half hour was reduced after 20 mg/kg tryptophan, 100 or 
150 mg/kg methionine. Only 20 mg/kg tryptophan led to a significant reduction in active behaviour 


during the second half hour. 


4 Administration of 100 mg/kg methionine plus 20 mg/kg tryptophan, and 150 mg/kg methionine 
plus 20 mg/kg tryptophan had no discernible effect on activity. 


5 The results draw attention to the role of another amino acid in the modification of the behavioural 


effects of tryptophan. 


Introduction 


There have been a number of recent investigations of 
the effects of various amino acids on behaviour. Many 
of these investigations have concentrated on the 
essential amino acids tryptophan (e.g. Modigh, 1973; 
Hingtgen & Aprison, 1975) and methionine (e.g. 
Beaton, 1975), and have often involved administration 
of relatively large quantities, in relation to normal 
dietary intake. 

Both amino acids are of considerable potential 
behavioural interest. Tryptophan is metabolized along 
several pathways, which include the formation of 
tryptamine and 5-hydroxytryptamine (5-HT). 5-HT is 
implicated in a wide range of behavioural processes 
such as hunger regulation, pain sensitivity, etc. 
Changes in blood tryptophan have been shown to be 
associated with changes in brain 5-HT (Wurtman & 
Fernstrom, 1975), but whilst such central changes are 
suggestive, they do not necessarily imply appreciable 
behavioural effects (Grahame-Smith, 1973). Meth- 
ionine has been suggested to have a possible role 
in the aetiology of some forms of schizophrenia 
(Osmund & Smithies, 1952) where its properties as a 
methyl donor have been emphasized. 

In general, both amino acids have been reported to 
reduce motor activity. The dose of tryptophan found 
to achieve this effect has varied between 0.7 mg/kg 
(Brown, 1960) and 800 mg/kg (Modigh, 1973) after 
intraperitoneal injection. However, as in numerous 
other investigations of effects on activity, this 


variation may in part be a function of the methods 
used for recording activity. 

Taylor, Goudie & Williams (1973), Goudie & 
Taylor (1974) and Taylor, Goudie, Mortimore & 
Wheeler (1974) have reported a technique for time 
sampling activity in rats. A modification of this 
technique is described here and was used to investigate 
the effects on activity of a single dose of 20 mg/kg L- 
tryptophan, and of 100 and 150 mg/kg L-methionine, 
both singly and in combination with tryptophan. 


Methods 


Male Wistar albino rats were used, housed in- 
dividually, and weighing approximately 300 grams. 
The subjects were housed under normal lighting 
conditions with exposure to food and water ad libitum. 
An experimental group was made up of 7 randomly 
chosen rats. Six experimental groups were used: (1) 
control—2 injections of vehicle (distilled water); (2) 
20 mg/kg tryptophan—tryptophan plus one injection 
of vehicle; (3) 100 mg/kg methionine and (4) 
150 mg/kg methionine—appropriate dose of 
methionine plus an injection of vehicle; (5) 100 mg/kg 
methionine plus 20mg/kg tryptophan and (6) 
150 mg/kg methionine plus 20 mg/kg tryp- 
tophan—appropriate injections of both 
compounds. All compounds were administered in a 
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Figure 1 Active behaviour of rats after Injections of 


tryptophan, methionine or both amino acids during 
the first and second half sessions expressed as a 
percentage of control values. 


volume of 2 ml/kg by intraperitoneal injection, and 
were made up in distilled water. The pH of all 
solutions administered was approximately 7. 

Observations were conducted between 12 h 00 min 
and 18 h 00 min on successive days. Immediately after 
injection, rats were individually placed in an evenly 
illuminated open field (45 cmx45cm) where their 
behaviour was observed and recorded for | min 
intervals every 5 min, beginning 15 min after injection. 
A time sampling ‘all-or-nothing’ system of recording 
activity was used, based on Taylor e¢ al. (1974) and 
Goudie & Taylor (1974). The occurrence of any of 
the following behaviours was recorded during the 
I min observation period: rearing, walking, sniffing, 
grooming, immobility (see Taylor et al., 1973, for 
details of behaviours). Frequency of occurrence of the 
behaviours within the | min interval was not recorded. 
The summation of the categories rearing and walking 
were defined as ‘active’ behaviours. Observations were 
conducted until 75 min post injection. 


Results 


Figure 1 shows the active behaviour observed during 
the first half (30 min) and second half (30 min) 
sessions, expressed as a percentage of control values. 
Both doses of methionine and the dose of tryptophan 
used, when compared to controls, led to a significant 
reduction in total active behaviour for the first half of 


the sessions (Mann-Whitney U test: P < 0.05). Only 


tryptophan remained significantly different from 


control during the second half session, although a near 
significant reduction in the 150 mg/kg methionine 
group (P=0.064) is apparent. Tryptophan admin- 
istered with either dose of methionine produced 
no significant effects on behaviour during either the 
first or second half session, with no evidence of a dose- 
response relationship. 

No significant differences were found in the 
incidence of immobile grooming and sniffing 
behaviours between the various groups. Informal 
observations of animals revealed no systematic effects, 
other than a general reduction in activity cor- 
responding to the above differences. 


Discussion 


The results presented here suggest that a dose of 
20 mg/kg L-tryptophan is sufficient to have an effect 
upon behaviour in terms of a reduction in active 
categories. Because a smaller dose than that reported 
here has been shown to increase brain 5-HT 
(Wurtman & Fernstrom, 1975), it is tempting to 
suggest that the behavioural effect noted is related to 
such an increase, 5-HT and its immediate precursor 5- 
hydroxytryptophan, have been reported to produce 
behavioural depression in rats (Aprison & Hingtgen, 
1966); on the other hand, there is evidence that the 
effects on motor activity of 5-HT and 5-hydroxy- 
tryptophan are at least in part the result of peripheral 
rather than central factors (e.g. Jacobs & Eubanks, 
1974). 

Wayner, Ono, Deyoung & Barone (1975) have 
demonstrated that changes in extracellular reaction 
potentials of cells in various brain areas can occur 
when tryptophan and methionine, among other 
essential amino acids, are administered microelectro- 
phoretically. This introduces the possibility of some 
relatively direct central action of the amino acids, 
as well as potential central actions of metabolites e.g. 
5-HT. 

Methionine at both doses used here produced a 
reduction in active behaviour during the first half 
session, of comparable magnitude to that produced by 
tryptophan; no significant effects were apparent in the 
second half session, although there is a non-significant 
suggestion of a dose-related effect, in terms of duration 
of action in the 150 mg/kg group. The dose levels used 
here are somewhat lower than those reported by other 
authors (Bovet, Leathwood, Mauron, Olivero & 
Satta, 1971; Beaton, 1975). Whilst the specific central 
action of methionine remains obscure, there is 
evidence that L-DOPA acts as a competitive inhibitor 
of methionine uptake by nerve endings in homo- 
genates of rat brains (Baldessarini & Karobath, 
1972). Furthermore, methionine appears to reverse the 
clinical effectiveness of L-DOPA in Parkinsonism 
(Pearce & Waterbury, 1974), These reports suggest 
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some interaction between methionine and .-DOPA, 
which may perhaps mediate some of the behavioural 
effects described here. 

Administration of both compounds together failed 
to produce any behavioural effects. Neither the dose 
of methionine nor the length of time after 
administration appear to be relevant factors, which is 
surprising in view of their effects when the compounds 
are administered singly. 

Wurtman & Fernstrom (1975) have demonstrated 
that brain 5-HT and tryptophan levels reflect not only 
plasma concentrations of tryptophan, but also plasma 
concentrations of other amino acids. An analagous 
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INFLUENCE OF DOPAMINE 
AND NORADRENALINE ON 


ISOLATED CEREBRAL ARTERIES OF THE DOG 


N. TODA 


Department of Pharmacology, Faculty of Medicine, Kyoto University, Kyoto 606, Japan 


1 Effects of dopamine and noradrenaline were compared in helically-cut strips of canine cerebral 


arteries. 


2 Dopamine caused a greater maximal contraction than noradrenaline, although the ED,, for 
noradrenaline was appreciably less. The contraction induced by these amines was reversed to a 


relaxation by treatment with phenoxybenzamine. 


3 Relaxation induced by dopamine in phenoxybenzamine-treated and prostaglandin-contracted 
cerebral arteries was not influenced by | uM propranolol, while relaxation induced by noradrenaline at 
low concentrations (2 uM and 10 uM) was significantly attenuated. Neither aminophylline nor atropine 


affected the relaxant effect of dopamine. 


4 A mechanism other than f-adrenergic, cholinergic or adenosine-related appears to be involved in 
the relaxation elicited by dopamine in cerebral arterial strips. 


Introduction 


Specific dopamine receptors have been postulated to 
exist in renal, mesenteric and coronary vessels from 
the following findings; in anaesthetized dogs, 
dopamine causes vasodilatation which is not blocked 
by f-adrenoceptor blocking agents but by haloperidol, 
bulbocapnine, phenothiazines and apomorphine 
(reviewed by Goldberg, 1972) and this specific action 
of dopamine is observed only in renal (McDonald, 
Goldberg, McNay & Tuttle, 1963; McNay, 
McDonald & Goldberg, 1965), mesenteric (Eble, 
1964) and coronary (Schuelke, Mark, Schmid & 
Eckstein, 1971) but not in femoral and carotid 
vasculatures. Recent studies in our laboratory have 
demonstrated that dopamine causes a dose-related 
relaxation in canine isolated renal, mesenteric and 
coronary arteries treated with phenoxybenzamine and 
this relaxation is not influenced by propranolol (Toda 
& Goldberg, 1973; 1975; Goldberg & Toda, 1975). 

It has been reported that continuous infusion of 
dopamine via the femoral vein increases the cerebral 
blood flow of anaesthetized dogs after treatment with 
a-adrenoceptor blocking agents; the mcrease is not 
inhibited by propranolol but by pimozide (von Essen, 
1974), a dopamine antagonist (Andén, Butcher, 
Corrodi, Fuxe & Ungerstedt, 1970). However, when 
such experiments are done in situ, the possible 
involvement of regulatory factors in cerebral 
circulation and the interaction of these factors with 
actions of dopamine cannot be completely excluded. 


The present study was therefore undertaken to 
elucidate the direct action of dopamine on cerebral 
arteries isolated from dogs, and to make a comparison 
with the action of noradrenaline. 


Methods 


Mongrel dogs of either sex, weighing 7 to 15 kg, were 
anaesthetized with intraperitoneal injections of sodium 
pentobarbitone (50 mg/kg) and killed by bleeding from 
the common carotid arteries. The brain was isolated, 
and basilar and middle cerebral arteries (0.4 to 
0.8 mm outside diameter) were rapidly removed. The 
arteries were cut helically at an angle of approximately 
45° into strips 20—25 mm in length. The helical strips 
were fixed vertically between hooks in a 20 ml muscle 
bath containing the nutrient solution. Hooks 
anchoring the upper end of the strips were connected 
to the lever of a force-displacement transducer 
(Nihonkoden Kogyo Co., Tokyo, Japan), and the 
resting tension was adjusted to 1.5 g which has been 
found to be optimal for producing the maximum 
contraction (Toda, Hayashi & Hatano, 1976). The 
bathing medium was maintained at 37+0.5°C and 
aerated with a mixture of 95% O, and 5% CO,. The 
composition of the solution was as follows (mM): Nat, 
162.1; K+, 5.4; Cat, 2.2; Cr, 157.0; HCO,-, 14.9; 
and dextrose, 5.6. Before the start of experiments, the 
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preparations were allowed to equilibrate for 90 to 
120 min in the bathing medium, during which time the 
fluid was replaced every 15 to 20 minutes. 

The contractile response to 30 mM K+ was first 
obtained and then the preparations were repeatedly 
washed. The dose-contraction relationship to 
dopamine or noradrenaline was then obtained and the 
values of contractions induced by these amines 
relative to the Kt-induced contraction are presented in 
the text and figures. In order to minimize the response 
to stimulation of a-adrenoceptors, preparations were 
treated for 60min with 10uM phenoxybenzamine. 
The phenoxybenzamine-containing solution was then 
replaced with normal solution in which the 
preparations were allowed to equilibrate for 30 to 40 
minutes. Arterial strips were always contracted with 
prostaglandin F.,, for demonstration of the relaxant 
effects. After the dose-relaxation relationship of the 
amines had been obtained, papaverine in a concentra- 
tion of 100umM was added to obtain maximum 
relaxation (Toda, 1974). Values of the relaxation 
induced by the amines relative to the papaverine- 
induced relaxation are presented in the text and 
figures. Dopamine or noradrenaline was added 
directly to the bathing medium in cumulative con- 
centrations. Preparations were treated for 20 min with 
blocking agents before the addition of dopamine or 
noradrenaline. Contractions and relaxations were 
displayed on an ink-writing oscillograph (Sanei Sokki 
Co., Tokyo, Japan). Results shown in the text, figures 
and table are expressed as mean values + standard 
errors of the means. Statistical analyses were made 
using Student's f test. 

Drugs used were dopamine hydrochloride, (+)- 
noradrenaline hydrochloride, phenoxybenzamine 
hydrochloride, phentolamine mesylate, (+)- 
propranolol hydrochloride, sotalol hydrochloride, 
aminophylline, atropine sulphate, adenosine, 
papaverine and prostaglandin F,, (Ono Co.). 


Results 
Contraction induced by dopamine and noradrenaline 


The addition of dopamine in concentrations ranging 
from 0.2uM to S500uM caused a dose-related 
contraction in canine isolated cerebral arteries. The 
maximum contraction induced by dopamine 
(458+69 mg) was approximately double the 
contraction induced by 50M noradrenaline 
(270 + 59 mg) (Figure 1). In all six strips in which the 
effect of dopamine and noradrenaline was compared, 
the dopamine-induced contraction was always greater. 
The addition of noradrenaline in a concentration of 
50 uM elicited a slight, transient contraction followed 
by a sustained relaxation, and when the concentration 
was increased to 200 uM, a marked relaxation always 
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Figure 1 Dose-response curve to dopamine (@) and 


noradrenaline (O) In canine isolated cerebral arteries. 
Ordinate scale, mean values of contractions relative 
to the Kt (30mmM)-induced contractlon; mean 
absolute contractions induced by Kt in experiments 
with dopamine and  =~noradrenaline were 
1424+142mg and 1382+197 mg, respectively. 
Vertical bars represent s.e. means. The dopamine 
responses are the mean results from 22 preparations; 
those for noradrenaline are the mean results from 10 
preparations. 


occurred. The average ED,, of dopamine was 
approximately 100 times the value of noradrenaline 
(Table 1). 

The contractile response of cerebral arterial strips 
to dopamine and noradrenaline was reversed to a 
relaxation following treatment with phenoxy- 
benzamine or phentolamine. Typical recordings of 
the effects of dopamine and noradrenaline before and 


Table 1 Median effective concentrations of 
dopamine and noradrenaline In Isolated cerebral 
arteries of the dog 


Median effective concentrations {uM }) 


Response 

Dopamine Noradrenaline 
Contraction 61+47.4 (19) 0.42 +0.1 (10) 
Relaxation 3149.1 (20) 79+ 4.4 (10} 


Figures In parentheses Indicate the number of 
preparations used. 
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Figure 2 Responses of a basilar arterial strip to dopamine and noradrenaline. After the response to 30 mM 
K+ (2.32 g contraction) was obtained and the preparation was repeatedly washed, dose-response relationships 
to noradrenaline and dopamine were obtained. The preparation was then treated for GO min with 10 um 
phenoxybenzamine (PB), washed and equilibrated in normal solution. When the prostaglandin (1 M)-induced 
contraction levelled off, the dose-response relationship for noradrenaline was obtained and (100 uM) 
papaverine (Pap) was added. After repeated washing, the preparation was again treated for 20 min with 10 um 
phenoxybenzamine and washed. The strip was contracted with 14M prostaglandin F,, and the dose- 
relationship for dopamine was obtained. Horizontal lines just left of the right tracings represent the level prior 
to the addition of prostaglandin. Drug concentrations= pM. 
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Figure 3 Dose-response curves to dopamine (@) 
and noradrenaline (©) in isolated cerebral arteries. 
Ordinate scale, mean values of relaxations relative to 
the papaverine (100 um}induced relaxation; mean 
absolute relaxations by papaverine In experiments 
with dopamine and noradrenaline were 694 +53 mg 
and 518 +94 mg, respectively. Average contractions 


after treatment with phenoxybenzamine in a canine 
basilar artery are presented in Figure 2. 


Relaxation induced by dopamine and noradrenaline 


After treatment with phenoxybenzamine, the 
preparations were contracted with prostaglandin F3, 
(0.1 to 3 uM) for the determination of dose-relaxation 
relationships. The results with dopamine and 
noradrenaline are summarized in Figure 3. The 
maximum relaxation attained with 200 uM 
noradrenaline was considerably greater than that with 
500 4M dopamine. The mean value of the ED., for 
dopamine was approximately one third the value for 
noradrenaline (Table 1). 

In nine cerebral arterial strips treated with 
phenoxybenzamine and then washed, the dose- 
response curve to dopamine was not significantly 
altered by treatement for 20min with 1pM 
propranolol (Figure 4) or by 10 uM sotalol. On the 
other hand, the relaxation induced at low con- 
centrations of noradrenaline (2 uM and 10 uM) was 


induced by prostaglandin In experiments with 
dopamine and noradrenaline were 398+38 mg and 
322 +66 mg, respectively. Dopamine*responses are 
mean results from 22 preparations, those for 
noradrenaline are the mean results from 14 pre- 
parations. 
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Figure 4 Modification by propranolol (@) of the relaxant effect of (a} dopamine and {b} noradrenaline In 
cerebral arterial strips. Ordinate scales, mean values of relaxations relative to papaverine (100 yMm)-induced 
relaxation; mean absolute relaxations Induced by papaverine In control (@) and propranolol-treated (O) 
preparations were 792+80mg and 7424124 mg, respectively (a), and 390+71mg and 374475 mg, 
respectively (b). Average contractions induced by prostaglandin In control and propranolol-treated preparations 
were 408+55 mg and 422+ 52 mg, respectively (a) and 272 +60 mg and 278 +54 mg, respectively (b). In 
(a) 9 preparations were used for both control and propranolol-treated results; In (b) 10 preparations were used 
in each case. *, Significantly different from respective controls, P< 0.06. 
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Figure 5 Corfparisons of the relaxant effect of 
dopamine in different arteries from dogs. Ordinate 
scale, mean values of relaxations relative to the 
papaverine-induced relaxation except in large femoral 


significantly attenuated by the same concentration of 
propranolol. 

The relaxant effect of dopamine was also unaffected 
by aminophylline (20 uM), which significantly reduced 
the relaxation induced by luM adenosine from 
34.7+5.2% to 15.8+3.6% (values relative to 
papaverine-induced relaxation) (n=10, P<0.01). 
Atropine (l uM) did not reduce the relaxation in 
response to dopamine. 


Discussion 


In isolated cerebral arteries of the dog, the addition of 
dopamine caused a contraction, the maximum 
contraction and the ED., being greater than those 
seen with noradrenaline. In anaesthetized dogs, the 
major effect of dopamine intravenously applied is a 
vasoconstriction (von Essen, 1974). Such vascular 


arteries (F,) In which the mean contraction relative to 
the contraction induced by prostaglandin added to 
contract the arteries prior to dopamine are presented. 
Data for mesenteric (M), renal (R), small femoral (F,} 
and large femoral arteries (Goldberg & Toda, 1975) 
and those for coronary arteries (Cor) (Toda & 
Goldberg, 1975) have been published elsewhere. Cer, 
cerebral arteries. Preparations were treated with 
10 uM phenoxybenzamine. 


contraction observed in vitro and in vivo was reversed 
to a relaxation following treatment with a- 
adrenoceptor blocking agents, thus the contractile 
response is produced by the stimulation of a- 
adrenoceptors as is the case with noradrenaline. 
However, in isolated cerebral arteries, dopamine 
elicited a greater contraction than did noradrenaline, 
while the latter elicits a greater contraction in canine 
isolated renal, mesenteric and femoral arteries 
(unpublished data). Two possibilities might account 
for such a discrepancy: a greater affinity of dopamine 
for a-adrenoceptors in cerebral arteries and a greater 
relaxant effect of noradrenaline at high con- 
centrations. When concentrations of noradrenaline 
were raised to 504M or higher, marked relaxation 
occurred. Further, in coronary arteries in which f- 
adrenoceptors are predominant, noradrenaline causes 
a relaxation, while dopamine causes a contraction 
(Toda & Goldberg, 1975). These findings suggest that 
the latter alternative is more likely. 

Relaxation induced by dopamine in 
phenoxybenzamine-treated and prostaglandin- 
contracted cerebral arteries was not significantly 
influenced by propranolol, atropine or aminophylline 
at concentrations sufficient to attenuate the relaxant 
effect of noradrenaline, acetylcholine or adenosine, 
respectively. These findings support the hypothesis 
that f-adrenergic, cholinergic and adenosine-related 
mechanisms are not involved in the genesis of 
dopamine-induced relaxation in cerebral arteries as is 
the case in coronary arteries (Toda, Hojo, Sakae & 
Usui, 1975). The vasodilatory response of the cerebral 
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circulation of anaesthetized dogs to dopamine is 
abolished by pimozide (von Essen, 1974), while the 
relaxant effect of dopamine in isolated arteries, 
including renal, mesenteric, coronary and cerebral, is 
not antagonized by dopamine antagonists, halo- 
peridol, chlorpromazine, apomorphine and 
bulbocapnine, since these drugs applied at high con- 
centrations produce marked relaxation in isolated 
arteries (Toda & Goldberg, 1975; Goldberg & Toda, 
1975). 

Regional differences in the response of isolated 
canine arteries of the dog to vasoconstrictor and 
dilator agents have been demonstrated (Bohr, Goulet 
& Taquini, 1961; Toda & Fujita, 1973; Toda, 1974). 
The relaxant effect of dopamine in different arteries 
under the same experimental conditions are 
summarized in Figure 5. The potency of dopamine in 
causing a relaxation is in the order, 
mesenteric=coronary>renal>small femoral > cere- 
bral. Large femoral arteries contract in response to 
dopamine even after treatment with phenoxy- 
benzamine. Relaxation caused by stimulation of 
specific receptors such as f-adrenoceptors and 
cholinoceptors, is appreciably less in cerebral arteries 
as compared with the relaxation observed in 
peripheral arteries (Toda, 1974), and the same is true 
in the case of dopamine, while non-specific relaxation 
induced by papaverine is not markedly different in 
cerebral and peripheral arteries. 
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THE ACTIONS OF NATURAL SECRETIN 


ON THE SMALL INTESTINAL 


VASCULATURE OF THE ANAESTHETIZED CAT 


P.D.. RICHARDSON 


Department of Physiology, The Medical College of St. Bartholomew’s Hospital, 


Charterhouse Square, London EC1M 6BOQ 


1 A plethysmographic preparation of cat jejunum was used to measure changes in tissue volume and 
capillary filtration coefficient (CFC), simultaneously with measurements of arterial and venous 
pressures, and total blood flow. 

2 Secretin was infused and injected intravenously and also infused intra-arterially in relatively small 
doses. Probable resulting blood concentrations were compared with those determined under 
physiological conditions in other investigations. 

3 By intravenous or intra-arterial infusion, secretin caused increases in CFC, indicating an increased 
functional exchange vessel area, and increases in jejunal volume, indicating increased vascular 
capacitance. The jejunal blood flow increased whilst the blood pressure remained essentially 
unchanged. 

4 By intravenous injection, secretin caused rises in jejunal volume and reductions in calculated 
jejunal vascular resistance over the same dose range. Effects were statistically significant at 500 mu/ke 
and higher doses caused reductions in systemic arterial pressure. 

5 The calculated peak blood concentrations of secretin resulting from the lower doses used in this in- 
vestigation were of the same order of magnitude as those determined under physiological conditions in 
man. 


6 Itis possible that at physiological concentrations secretin causes an increased functional exchange 


vessel area in the small intestine, and may also increase the total blood flow through this tissue. 


Introduction 


The first report of the physiological and 
pharmacological properties of an extract of 
mammalian duodenum and jejunum showed that the 
active principle in the extract, secretin, caused a 
reduction in arterial blood pressure when injected 
intravenously, as well as stimulating pancreatic 
secretion (Bayliss & Starling, 1902). This early report 
of the vasodepressor action of this hormone has been 
extended subsequently by Ross (1970) and Fasth, 
Filipsson, Hulten & Martinson (1972) who showed 
that large doses of secretin injected intra-arterially or 
intravenously to the anaesthetized cat caused 
increases in superior mesenteric arterial blood flow. 
Plethysmographic preparations of the cat small 
intestine have been used previously for the 
simultaneous measurement of blood flow, changes in 
vascular capacitance and capillary filtration coefficient 
(CFC) by Folkow, Lundgren & Wallentin (1963), and 
these techniques have been evaluated by Mellander & 
Johansson (1968) and Folkow & Mellander (1970). It 
has previously been demonstrated that changes in 
CFC may be evoked by vasoactive substances 
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adminstered in doses inadequate to affect the recorded 
intravascular pressures or the total blood flow through 
a tissue (Folkow etal., 1963; Richardson, 1974, 1975a, 
1975b). 

Secretin is present in mammalian jejunum in large 
quantities (Bayliss & Starling, 1902; Bloom, 1974) and 
relies for its main effect of stimulating pancreatic 
exocrine secretion on its release into the systemic 
circulation, thereby reaching its target organ. It is 
therefore possible that the vascular effects of secretin 
on the small intestine might be due to the hormone 
gaining access through the systemic circulation, as 
well as by local release. For this reason, in the present 
investigation emphasis has been placed on the effects 
of secretin injected and infused intravenously to 
animals in which both the sympathetic innervation to 
the small intestine and the suprarenal glands have 
been preserved. In this way, the pattern of responses 
of the small intestinal vasculature to elevated systemic 
blood levels of secretin has been established, and this 
has been compared with the effects of intra-arterial 
infusions of secretin on this vascular bed. 
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A preliminary report of part of the results of this 
investigation has been presented to the British 
Pharmacological Society (Richardson, 1976). 


Methods 


The preparations used were similar to those described 
previously for the measurement of blood flow, changes 
in tissue volume and capillary filtration coefficient 
(CFC) in the small intestine (Folkow et al., 1963; 
Richardson, 1974). Eleven healthy cats of either sex, 
weighing between 2.40 and 3.87kg (3.02+0.40, 
mean+s.d., kg) were deprived of food for 24h but 
allowed access to water ad libitum before the 
induction of anaesthesia with halothane. The right 
saphenous vein was cannulated, and anaesthesia 
maintained by an intravenous injection of chloralose 
(Kuhlmann, Paris; 70 mg/kg). 

Following a midline laparotomy, the spleen, 
omenta, large intestine, duodenum, pancreas and 
distal small intestine were extirpated, leaving a loop of 
proximal jejunum weighing 56.5+17.2¢ 
(mean +s.d.). The animals were treated with heparin 
(Weddel Pharmaceuticals; 250i.u./kg, iv., followed 
by 100 i.u./kg i.v., hourly) and the superior mesenteric 
vein cannulated. Blood from the superior mesenteric 
vein was continuously returned to the animal via the 
cannulated right external jugular vein, using a 
Watson-Marlow MHRE-200 roller pump 
(Richardson, 1974). 

In most experiments, the superior mesenteric artery 
and its accompanying sympathetic periarterial nerves 
were carefully preserved, but in some (isolated’) pre- 
parations, the sympathetic periarterial nerves were 
divided and the superior mesenteric artery cannulated 
and perfused from a cannulated common carotid 
artery. 

The prepared loop of small intestine was inserted 
into a rhomboid-shaped Perspex plethysmograph, 
which was then sealed and connected to a recorder to 
measure changes in the volume of the tissue 
(Richardson, 1974). The temperature of the contents 
of the plethysmograph, and of the animal, was 
maintained at 37—38°C with table heaters and radiant 
lamps. All animals breathed spontaneously 
throughout the experiments, and the volume of the 
blood localized in the external circuit was 
compensated for by an intravenous injection of a cor- 
responding volume of low molecular weight dextran 
in normal saline (Rheomacrodex, Pharmacia) 
immediately before cannulation of the superior 
mesenteric vein. 


Measurements 
Systemic arterial blood pressure was measured from a 


cannulated femoral artery by means of a Statham 
P23Gb strain-gauge transducer. Phasic pressure was 


recorded, and mean pressure either derived as 
diastolic +4 pulse pressure, a derivation which gave 
values in agreement with those obtained by switching 
the phasic waveform through an averaging circuit with 
a time-constant of about 3 s, or obtained by passing 
the phasic signal through a Devices (Model 3502) 
averaging circuit with selectable time constants of 0.5, 
1 and 2 seconds. In this case, both mean and phasic 
pressures were displayed continuously. 


Arterial perfusion pressure was measured in some 
experiments in addition to the systemic arterial blood 
pressure. A small branch of the superior mesenteric 
artery was cannulated and connected to a 
Consolidated Electrodynamics (Model L212) strain- 
gauge transducer: electronically averaged mean 
pressure was recorded continuously. 

In the ‘isolated’ preparations, mean arterial 
perfusion pressure was measured with the same 
system from a “T’-piece in the cannula, close to the 
point of cannulation of the superior mesenteric artery. 


Heart rate was measured with a Devices (Model 
4521) ratemeter triggered from the systemic arterial 
pressure waveform. The calibration was checked by 
running the recorder at high paper speed and counting 
the heart rate directly from the arterial pressure 
waveform. 


Superior mesenteric venous pressure was measured 
just outside the plethysmograph from a “T’-piece in the 
superior mesenteric venous cannula, with a Statham 
P23V or P23la strain-gauge transducer. The outlet 
from the superior mesenteric vein was adjusted so that 
under control conditions the venous pressure was 
about +3 mmHg relative to the level of fluid in the 
plethysmograph so that the veins within the 
plethysmograph were patent, thereby preventing an 
increase in the postcapillary resistance. 

All pressure transducers were calibrated with 
mercury or water manometers immediately before 
each experiment: zero reference pressures were taken 
post mortem as those recorded with the catheter tips 
open to air in situ. 


Blood flow. In all experiments, the superior mesenteric 
venous flow was recorded continuously with a 
cannulating flow probe in the superior mesenteric 
venous cannula, and an electromagnetic flowmeter 
(Cardiovascular Instruments). Mean blood flow was 
obtained by passing the phasic waveform through an 
averaging circuit with a time constant of 0.6 second. ` 

In the isolated preparations, phasic and mean 
arterial inflow were also recorded, by means of a 
second cannulating flow probe and electromagnetic 
flowmeter. 

All flow probes were calibrated in situ with whole 
blood; zero positions were established by temporary 
occlusion of the cannulae downstream from the flow 
probes. 


Changes in jejunal volume were recorded as described 
previously (Richardson, 1974), by a displacement 
technique, measuring the upthrust of fluid in 
continuity with the plethysmograph contents upon the 
sensor of an isometric transducer, Devices (Model 
4151). 

After appropriate amplification, all variables were 
displayed continuously on a Devices (Model M-19) 
rectilinear recorder. 


Calculations 


Jejunal vascular resistance was calculated as (mean 
arterial pressure—mean superior mesenteric venous 
pressure)/mean blood flow, and expressed as mmHg 
mi~! min 100 g. 


Capillary filtration coefficient was measured 
essentially as described by Folkow et al. (1963): 
superior mesenteric venous pressure (SMVP) was 
elevated by 10 cmH,0 for periods of 1 minute. This 
caused a characteristic increase in the volume of the 
tissue within the plethysmograph (Figure 1): the 
volume increases were biphasic, the first phase being 
dueto the passive distension of the capacitance vessels, 
and the second, slow and continuous phase being due to 
the transudation of fluid from exchange vessels into 
perivascular spaces (Folkow et al., 1963; Mellander & 
Johansson, 1968; Johnson & Richardson, 1974). 

The slope of this second phase, expressed as ml of 
fluid transuded per minute, per mmHg rise in SMVP, 
per 100 g of tissue (ml min~! mmHg! 100 g~t) is the 
capillary filtration coefficient (CFC). 


Drug administration 


Hexamethonium bromide (BDH), propranolol 
hydrochloride (Inderal, ICI) and natural secretin 
(Boots) were used in this study. Doses of secretin are 
expressed in Crick-Harper-Raper Units (u) or 
milliunits (mu). One unit is equivalent to 4 clinical 
units and also equivalent to 62.5 ng (manufacturer’s 
data). 

Secretin was infused and injected mtravenously, 
and also infused intra-arterially. Infusions were at a 
rate of 1.0 ml/min from a Watson-Marlow MHRE- 
200 pump precalibrated against a static pressure in 
excess of 150 mmHg to ensure a constant inflow 
against arterial pressures. Intravenous injections were 
in volumes not exceeding 0.25 ml, washed in to a total 
injectate volume of 1.0ml with 0.99% w/v NaCl 
solution (saline). 


Expression of results 


Except where indicated to the contrary, results are 
expressed as means+s.e. means; the significance of 
changes from control data is assessed by use of 
Student’s t-test for paired data. 
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At least 3 and usually 4 determinations of CFC and 
measurements of other variables were made before 
and during secretin infusions, and the mean values for 
each set of variables, together with the percentage 
changes, were calculated for each experiment. Where 
n is quoted, it therefore refers to numbers of 
experiments and not to numbers of individual 
determinations of CFC and measurements of other 
variables. When secretin was injected, the peak effects 
were compared with the control values immediately 
preceding the injection, and percentage changes 
calculated from these measurements. 


Results 
Control values 


Under control conditions in 7 preparations in which 
the superior mesenteric artery and periarterial nerves 
were intact, the systemic arterial mean pressure (BP) 
was 151.4+4.2 mmHg, and the heart rate (HR) 
174.6 + 10.0 beats/minute. The superior mesenteric 
venous pressure (SMVP) was 3.14+0.36 mmHg, at 
which pressures the preparations were isovolumetric 
under control conditons. The superior mesenteric 
venous blood flow (SMVF) was 55.7+7.8 ml min`! 
100 g~!, and the calculated jejunal vascular resistance 
(JVR) 3.154+0.57mmHg mil-!min100g. The 
capillary filtration coefficient (CFC) was 
0.060 + 0.009 ml min~! mmHg 100 g~t. 

The control values for 4 isolated preparations fell 
within the ranges found in the intact preparations, the 
BP being 140.0+4.8 mmHg, the HR 212.3+ 13.4 
beats/min, the SMVF 44.3 + 9.3 ml min`! 100 g~t, the 
JVR 3.63 + 0.70 mmHg mi“ min 100 g, and the CFC 
0.048 +0.004 ml mion! mmHg~' 100 g-', values 
similar to those reported previously for 
sympathetically-denervated preparations (Folkow et 
al., 1963; Richardson, 1975b). 

No systematic differences were observed between 
the mean BP and the mean arterial perfusion pressures 
measured either from a cannulated small branch of the 
superior mesenteric artery, or from a ‘T’ piece in the 
arterial cannulae in ‘isolated’ preparations. 


Secretin by intravenous infusion 


Secretin was infused intravenously for 15 min periods 
at doses of 100 and 500 mu kg™! min™ which were 
selected on the basis of results from preliminary 
experiments; the effects are summarized in Table 1. 

When secretin was infused at a rate of 
100 mu kg! min—!, there were no consistent changes 
in BP, HR, SMVF or calculated JVR (P> 0.30 for 
each variable), the changes in individual experiments 
being very small and not qualitatively consistent in the 
series of 5 experiments in which secretin was infused 
at this dose level. 


130 P.D.I. RICHARDSON 


a b anes 
Imn 
Control Secretin 


500mu kg™! min tiv 


Figure 1 Effects of an Intravenous infusion of 500 
mukg-'min-' secretin on capillary filtration 
coefficient in the sympathetically-Innervated cat 
jejunum. {a} under control conditions, 
CFC=0.035 mi min’ mmHg! 100 g™'; (b) during 
the secretin Infusion, CFC=0.080 mi mint mmHg 
100 g~. When the superior mesenteric venous 
pressure was returned to control levels at the end of 
the 1 min elevation by 10 cmH,0 to determine the 
CFC, the tissue volume returned to the same value as 
before the elevation of venous pressure. 


However, at the higher infusion of 
500 mu kg—! min— the BP fell by up to 12 mmHg, the 
HR rose by up to 45 beats/min and the SMVF 
increased by between 3.2 and 22.5 mi min™! 100 g~!. In 
no experiment were changes detected in any of these 
variables which were opposite in direction to the mean 
changes. The effects of one such infusion of secretin in a 
typical experiment are illustrated in Figure 2. 

At the beginning of the infusions at both dose levels, 
the jejunal volume increased significantly (P < 0.05), 
the increase persisting throughout the infusion periods. 
On cessation of the infusion, the volume declined 
again to its pre-infusion levels. 


Table 1 


Infusion rate Variable (units) 
fa} 100 mu kg“ min 
Blood pressure (mmHg) 
Heart rate (beats/min) 
SMVF (ml min-* 100 g™") 
JVR (mmHg mlI~' min 100 g) 
Jejunal volume (ml/100 g} 
CFC (ml min! mmHg™? 100 gu") 


(b}) 500 mu kg min“ 
Blood pressure (mmHg) 
Heart rate (beats/min) 
SMVF (ml min7? 100 g7!) 
JVR (mmHg ml-' min 100 g) 
Jejunal volume (m1/100 g} 
CFC (ml min? mmHg™ 100 g`’) 


The capillary filtration coefficient was increased at 
both infusion levels, the changes being statistically 
significant (P < 0.05) in each case; the typical effect of 
elevating the SMVP by 10cmH,0 for 1 min on the 
volume of a preparation both under control conditions 
and during the intravenous infusion of 
500 mu kg~! min`? of secretin is shown in Figure 1. 

When secretin was infused intravenously, the 
changes in all variables were rapid in onset, persisted 
for the duration of the infusions, and returned to 
control values within 5 min after the cessation of the 
infusions (Figure 2). 

Since the BP fell on infusion of 500 mu kg—! min“! 
secretin intravenously, the possibility of a part of the 
effects being attributable to a baroreceptor reflex effect 
(Oberg, 1964) was considered: in 3 experiments the 
infusions were repeated after hexamethonium 
(5.0 mg/kg, i.v.). The effects of subsequent secretin 
infusions were qualitatively identical to those before 
hexamethonium, though quantitative comparisons are 
difficult because of the altered control values for all 
variables (Richardson, 1974). 

Many of the effects of secretin on this preparation 
resemble those of isoprenaline (Folkow et al., 1963; 
Richardson, 1974), and so in 3 experiments the 
intravenous infusion of 500 mu kg—! min“! of secretin 
was repeated after a dose of propranolol previously 
found adequate to block the effects of exogenous 
isoprenaline on these preparations (Richardson, 
1974): the effects of secretin on the small intestinal 
vasculature were not appreciably modified by 
pretreatment with propranolol. 


The effects of intravenous infusions of natural secretin on the small Intestinal vasculature of the cat 


Control During infusion Significance 
162.0 + 4.7 1526 + 5.9 NS 
176.4 +140 180.9 +11.6 NS 
54.6 + 4.6 56.0 + 5.4 NS 

2.86 + 0.24 2.81 + 0.24 NS 
+0.27 + 0.06 P<0.05 
0.060+ 0.009 0.083+ 0.012 P<0.05 
1516 + 4.1 146.2 +43 P<0.05 
177.4 +13.2 199.6 +49.5 NS 
60.8 + 3.9 59.9 +6.0 P<0.05 
3.06 + 0.26 2.57 +0.32 P<0.05 
+0.83 +0.24 P<0.05 
0.060 + 0.009 0.095 + 0.011 P<0.02 


All variables are expressed as means s.e. means; n= 6 in all cases. The degrees of statistical significance of 
the differences between the mean values Immediately before (control) and during the Infusions of secretin ara 
assessed using Students t-test. NS=P>0.05; for values In Part (a), NS=P>0.30. SMVF=superior 
mesenteric venous blood flow: JVR=Jejunal vascular resistance; CFC = capillary filtratlon coefficient. Jejunal 
volume =change In jejunal volume caused by the secretin Infuslon from control Isovolumetric state. 
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Figure 2 The effects of an intravenous infusion of 
500 mu kg~' min`? of secretin on systemic arterla! 
mean pressure (BP), heart rate (HR), superior 
mesenteric venous blood flow (SMVF), the calculated 
jejunal vascular resistance (JVR) and the capillary 
filtration coefficlent (CFC). Cat, female, 3.41 kg; 
weight of jejunum= 78 g. 


Secretin by intravenous injection 


Secretin was injected intravenously in increasing doses 
from 10 mu/kg to 20 u/kg on six occasions in order to 
examine the dose-response relationship of 
intravenous secretin on the jejunal resistance and 
capacitance vessels. The results are summarized in 
Figure 3. 

The predominant effects were a transient increase in 
jejunal volume and a transient reduction in calculated 
jejunal vascular resistance: both effects occurred over 
the same dose range, being detectable on injection of 
100 mu/kg, and being statistically significant on 
injection of 500 mu/kg. The reduction in calculated 
JVR indicates that vasodilatation occurred in the 
precapillary resistance vessels (Mellander & 
Johansson, 1968) which resulted in large increases in 
jejunal blood flow, although particularly at higher doses 
of secretin there were reductions in systemic arterial 
pressure (Figure 3). The heart rate rose variably, 
particularly at the higher doses (5—20 u/kg, i.v.) where 
rises of between 6 and 28 beats/min occurred in 
different experiments. 

Although the changes in JVR and jejunal volume 
appear to reach maxima between 10 and 20 u/kg 
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Figure 3 Effects of increasing intravenous 
injections of secretin on systemic arterial mean 
pressure (BP; expressed as percentage reduction 
from pre-injection values), superior mesenteric 
venous blood flow (SMVF; expressed as % increases 
from pre-Injectlon values), calculated jejunal vascular 
resistance (JVR: % reductions from pre-injection 
values) and the increase in jejunal volume (JV; 
expressed as ml/100 g of tissue). Points represent the 
mean of six observations and the vertical lines the s.e. 
means; the significance of changes from controls is 
shown by asterisks: *P<0.05; **P<0.01; 
+p < 0.001. 


100 


(Figure 3), and correlate well with those reported by 
Ross (1970) on intravenous injection of a single dose 
of 40 u/kg (= 10 clinical units/kg) secretin, no attempt 
was made to establish absolute maxima or to 
investigate the hypertensive effect which is reported to 
be apparent at high doses of the hormone (Ross, 
1970), since the purpose of this investigation was to 
concentrate upon the effects of lower doses of secretin. 

If the assumption is made that the whole 
intravenous injection of secretin was uniformly 
distributed throughout a blood volume of 70 ml/kg 
body weight, the peak blood concentration attained 
after injection of 100mu/kg would have been 
1.43 mu/ml (89pg/ml) and after 500 mu/kg, 
7.14 mu/ml (446 pg/ml). 


Secretin by intra-arterial infusion 


Secretin was infused intra-arterially to investigate two 
points: (i) whether the effects on all variables were 
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Figure 4 intra-arterial infusion of secretin to a 52g 


loop of jejunum in a 3kg female cat: effects are 
shown on systemic arterial mean pressure (BP), 
superior mesenteric arterial blood flow (SMABF), 
calculated jejunal vascular resistance (JVR) and 
capillary filtration coefficient (CFC). The heart rate did 
not change during the infusion from Its control level 
of 241 beats/minute. 


qualitatively and quantitatively similar to those 
observed on intravenous infusion, and consequently 
whether significant activation or deactivation of the 
hormone was likely to have occurred in passage 
through the lungs and other tissues, and (ii) whether 
the blood concentrations of secretin attained on intra- 
arterial infusion were of the same order of magnitude 
as those reported to occur physiologically, for if 
effects were produced at such concentrations, they 
could well be of functional significance. 

Secretin was infused intra-arterially in doses of 
25, 100 and 500 mu/min to each of 4 preparations in 
random order of doses; all infusions were of 15 min 
duration. The effects of a typical infusion are shown in 
Figure 4, and the effects summarized in Figure 5. 

When secretin was infused intra-arterially, the 
perfusion pressure and the systemic arterial pressure 
remained unchanged at all dose levels employed 
(P > 0.30). The heart rate also remained unchanged at 
all three dose levels of secretin (P > 0.20). There were, 
however, significant increases in blood flow through 
the tissue which resulted in reductions in calculated 
jejunal vascular resistance (Figure 5), indicating that 
vasodilatation had occurred. In addition, there were 
dose-dependent increases in jejunal volume and in 
capillary filtration coefficient, effects which were 
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Figure 5 The effects of intra-arterial infusions of 
secretin on jejunal vascular resistance (JVR; 
expressed as % reduction), the jejunal volume (JV; 
increases expressed In mi/100 g) and CFC (expressed 
as % increase) in four preparations. Points represent 
the mean values and vertical lines the s.e. means; the 
significance of changes from control values is shown 
by asterisks: *=P<0.02; *t— P< 0.01; 
“**#—P<0.001. 


statistically significant at all three infusion levels. The 
effects of intra-arterial infusions of secretin were rapid 
in onset, persisted for the duration of the infusions 
without any consistent tendency to increase or 
diminish, and declined quickly on cessation of 
infusions, the variables returning to pre-infusion levels 
within 5 min (Figure 4). 

The mean maximum blood concentrations of 
secretin were assessed by dividing the amount of the 
hormone infused (mu/min) by the blood flow 
(ml/minute). For the 25 mu/min infusions, the 
calculated mean maximum blood concentration was 
1.57 mu/ml (98 pg/ml), for the 100 mu/min infusions, 
4.20 mu/ml (263 pg/ml) and for the 500 mu/min 
infusions, 22.19 mu/ml (1.39 ng/ml). 


Discussion 


Secretin has been shown to cause increases in 
capillary filtration coefficient and to increase the 
volume of the small intestine of the anaesthetized cat, 
effects which were demonstrable whether the hormone 
was administered intravenously or intra-arterially, and 


which were dose-dependent and statistically 
significant. This extends the observation of Biber, Fara 
& Lundgren (1973) of the effect of intra-arterial 
secretin on the denervated intestine to the effects of 
secretin administered intravenously by injection and 
by infusion. In the present investigation, the effects are 
quantitated with respect to the administered doses. 
Additionally, the effects of secretin on intestinal blood 
flow and vascular resistance (Ross, 1970; Tibblin, 
1971; Fasth et al, 1972) have been confirmed, 
extended to the effects of much lower doses of the 
hormone, and the dose-response relationships 
established. 

The use of the present techniques for the 
measurement of vascular dimensions is well 
established (Mellander, 1960; Folkow et al, 1963; 
Mellander & Johansson, 1968; Folkow & Mellander, 
1970). The changes in vascular resistance reported in 
the present investigation were the result of vasodilata- 
tion in precapillary resistance vessels, manifest as 
substantial increases in blood flow at constant arterial 
pressure, except where secretin was injected in- 
travenously in large doses when a hypotensive effect 
was apparent (Figure 3). 

Changes in CFC indicate changes either in activity 
of precapillary ‘sphincters’ or in vascular permeability, 
or both; it is not possible to differentiate these separate 
mechanisms in vivo, but the fact that there have not 
been previous reports of secretin increasing vascular 
permeability, supported by the observation that 
secretin caused no irreversible increases in intestinal 
volume at either control or elevated venous pressures 
(Figure 1) suggests that the predominant effect may 
well have been for secretin to dilate the intestinal 
precapillary ‘sphincter’ vessels rather than to increase 
vascular permeability. 

An increase in tissue volume on administration of a 
vasoactive hormone does not constitute conclusive 
proof of a vasodilator action on the capacitance 
vessels, since the effect may be indirect, resulting from 
distension of the capacitance vessels caused by 
precapillary resistance vessel dilatation with a 
consequent increase in blood flow. As the increases in 
jejunal volume which were observed in the present 
experiments occurred over the same dose ranges as 
the reductions in vascular resistance (Figures 3 and 
5), the underlying cause of the observed increase in 
intestinal volume cannot be ascribed with certainty 
either to a direct effect on the capacitance vessels, or 
to an indirect effect on the capacitance vessels 
resulting from precapillary vasodilatation. 
Nevertheless, it has been demonstrated that dilatation 
of the capacitance vessels does occur on administra- 
tion of secretin, over the same dose range as dilatation 
of precapillary resistance vessels. 

When any vasodilator agent is administered in- 
travenously and results in a reduction in systemic 
arterial pressure, contributions to the observed 
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changes in vascular dimensions in a single, 
sympathetically-innervated tissue may arise from 
myogenic and hydrostatic responses to the altered 
arterial pressure (Bayliss, 1902; Folkow, 1964), and 
also from baroreceptor reflex modulations in 
sympathetic vasoconstrictor tone (Oberg, 1964). The 
fact that the effects of the intra-arterial infusions of 
secretin, which did not cause changes in arterial 
pressure, were very similar to those observed on 
intravenous infusion of secretin at the dose levels 
chosen for these experiments suggests that the 
predominant effects seen on intravenous infusion were 
direct effects of the hormone on the intestinal 
vasculature. This view receives support from the 
similarity of the effects of intravenous secretin before 
and after hexamethonium, although quantitative 
comparisons are difficult because of the hypotensive 
effect of hexamethonium itself. 

Significant reductions in arterial pressure did occur 
on intravenous injection of the larger doses of secretin 
(>1lu/kg), and both hydrostatic and reflex 
modulations in vascular dimensions, as well as direct 
effects of the hormone, could well have contributed to 
the observed effects (Figure 3). Reductions in carotid 
sinus pressure in the cat cause an increase in jejunal 
vascular resistance and a reduction in jejunal volume, 
together with a reduction in CFC (Oberg, 1964). Since 
no attempt was made to elicit maximum responses to 
intravenously injected secretin, the apparent maxima 
shown in Figure 3 may not in fact represent the true 
maximum rises in jejunal volume or maximum 
reductions in JVR which could be attained in 
denervated preparations perfused at constant pressure, 
since the secretin-induced rises in JV and reductions in 
JVR may have been counteracted in these 
sympathetically-innervated preparations by 
baroreceptor reflex effects at the higher doses of 
secretin when the systemic arterial pressure fell. 

It was shown by Ross (1970) that pretreatment with 
propranolol did not modify the reductions in 
vascular resistance caused by intravenous or intra- 
arterial secretin; this observation is confirmed in the 
present experiments and extended to the effects of 
secretin on CFC and the jejunal volume, both of 
which were unaffected by pretreatment with 
propranolol in a dose previously found adequate to 
block the effects of exogenous isoprenaline on this 
preparation (Richardson, 1974). Therefore, although 
the effects of secretin are superficially similar to those 
of isoprenaline on this preparation (Folkow et al., 
1963; Richardson, 1974), it is unlikely that they are 
the result of 8-adrenoceptor stimulation. 

The effects of secretin on the jejunal vascular bed 
are different from those of the structurally-related 
hormone, glucagon (Richardson, 1975a) which causes 
a fall in CFC which is reversible by a-adrenoceptor 
blockade. Whilst this action of glucagon may be due 
to the release of catecholamines either from the 
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suprarenal gland or from the intestine itself (Fasth & 
Hulten, 1971; Richardson, 1975a, 1975b), the 
possibility remains that the two hormones may have 
an essentially dissimilar action on the intestinal 
vascular smooth muscle, as they do on the hepatic 
parenchymal cells (Peterson, 1974). 

Physiological blood concentrations of secretin do 
not appear to have been reported for the cat, though 
radioimmunoassay techniques have been employed to 
study plasma secretin concentrations in man (Bloom & 
Ogawa, 1973; Boden & Chey, 1973; Bloom, 1974). 
Fasting secretin levels range between about 100 and 
500 pg/ml plasma: assuming an haematocrit of about 
50%, these values correspond to blood concentrations 
of between 50 and 250 pg/ml. The presence of acid in 
the duodenum causes a rise in plasma secretin levels to 
between 200 and 600 pg/ml (Boden & Chey, 1973; 
Bloom & Ogawa, 1973), and starvation also leads to an 
increase in plasma secretin levels from about 50 pg/ml! 
in the fed subject to about 175 pg/ml in starvation 
(Henry, Flanagan & Buchanan, 1975). It is therefore 
not unreasonable to assume that, in man, normal 
secretin levels may be about 25 pg/ml blood, rising on 
starvation to values up to 250 pg/ml, and perhaps even 
higher if acid is present in the duodenum. 

The blood secretin levels in the present experiments 
when secretin was infused intra-arterially in doses of 
25 and 100 mu/min were about 100 and 260 pg/ml 
respectively, and after intravenous injection of 
100 mu/kg if the injected secretin had been distributed 
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evenly throughout the bloodstream, the resultant 
blood concentration would have been about 90 pg/ml. 

If the assumption is made that physiological 
secretin levels are similar in the cat and in man, the 
effects which were demonstrated at the lower doses of 
secretin employed in the present experiments could 
well be of functional significance, particularly as the 
effects were clear-cut, and in some cases statistically 
significant (Figures 3—5). 

It is possible, on the basis of the present 
experiments, that when secretin levels are elevated 
under ‘physiological’ conditions, as when acid is 
present in the duodenum, and in starvation, the 
capillary filtration coefficient may be increased, 
causing an increase in the functional exchange vessel 
area in the small intestine, and particularly at the 
higher secretin levels falling within the ‘physiological 
range’, the total blood flow through the intestine may 
be increased, due to a reduction in intestinal vascular 
resistance. It is possible that such a vascular effect of 
secretin is important in maintaining high blood 
secretin levels in starvation, a state in which Henry ef 
al. (1975) have suggested that the hormone may exert 
a lipolytic action. 
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HYPOTENSION IN RABBITS 


INFECTED WITH Trypanosoma brucei 
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Prince Consort Road, London SW7 2AZ 
L.G. WRIGHT 
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Private Bag No. 3, P.O., Indooropilly, Queensland, Australia 4068 


I Blood pressures and heart rates of 12 anaesthetized rabbits chronically infected with T. brucei were 
measured (average infection time 39 days (range 25—67). The systolic BP was 31.4+5.7 mmHg, the 
diastolic BP 25.0+ 7.2 mmHg, and the heart rate 120.5 + 24.2 beats/minute. Two rabbits were already 
hypotensive 10 days after infection. In 12 anaesthetized control rabbits, the systolic BP was 
66.2+ 7.3 mmHg (mean+ts.e.), the diastolic BP 60.2+7.3 mmHg, and the heart rate 116.3+ 15.9 
beats/minute. 


2 The intravenous injection of 3 x 10° disintegrated trypanosomes into infected rabbits lowered the 
blood pressure by 41.4 + 22.0%. Pretreatment of two rabbits with aprotinin prior to administration of 
parasites prevented the fall in blood pressure, 


3 Injection of 3x 10° live trypanosomes complexed with hyperimmune sera produced a fall of 
68.3+ 38.49% in the systolic BP of normal rabbits. Disintegrated or live trypanosomes, or 
hyperimmune sera alone had no effect. Pretreatment of animals with aprotinin prior to administration 
of the immune complex abolished the fall in BP. 

4 The results suggest that the profound hypotension in chronic trypanosomiasis is caused by 
complex formation of trypanosomes with antibody. Since it can be prevented by pretreatment with 
aprotinin, it is likely that activation of plasma kallikrein with a subsequent release of plasma kinins 


contributes to this effect. 


Introduction 


Chronic infections of Trypanosoma brucei in the 
rabbit are characterized by the appearance of a 
succession of antigenic variants each of which 
stimulates the formation of its own antibody (Gray, 
1962). Each rise in antibody titre corresponds to the 
disappearance of the homologous antigen variant. It is 
probable that, at each peak of parasitaemia, a reaction 
between the trypanosome and its variant antibody 
occurs which results in the removal of most of the 
trypanosomes from the circulation. This trypano- 
some/antibody complex formation has been 
implicated in the release of plasma kinins known to 
occur in trypanosomiasis (Boreham, 1968a, 1970). In 
pitro studies have shown that when trypanosomes are 
mixed with immune sera the resulting complexes are 
able to liberate kinins from a suitable substrate 
(Boreham & Goodwin, 1970). The mechanism of 
release appears to be the activation of Hageman factor 
by the immune complex which in turn converts pre- 
kallikrein to kallikrein, the kinin-forming enzyme 
(Boreham, 1968b; Boreham & Goodwin, 1970). It has 
been suggested that the release of kinins in vivo may 


have important pathological effects such as increasing 
vascular permeability (Goodwin, 1970) but to date 
proof of any such effect is lacking. In an attempt to 
provide such evidence, the effect of trypanosome 
complexes on blood pressure and the influence of a 
kallikrein inhibitor on this effect have been in- 
vestigated. 


Methods 


Rabbits were lightly anaesthetized with urethane 
(1.2 g/kg intravenously) and the blood pressure 
measured from the left carotid artery with a Bell and 
Howell electronic transducer. Test substances were 
administered through a cannula in the right jugular 
vein in | ml volumes and washed in with 0.2—0.4 ml 
sterile 0.9% w/v NaCl solution (saline). All animals 
were treated with heparin (1000 units/kg). 
Trypanosoma brucei strain 427 were separated 
from heavily infected rat blood on DEAE cellulose 
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columns by the method of Lanham (1968). Complexes 
of trypanosomes with antibody were prepared by 
incubating 3 x 10° separated trypanosomes with 2 ml 
of rabbit serum hyperimmune against T. brucei at 
37°C for 30 min with gentle agitation. The suspension 
was centrifuged at 800 g for 5 min and the sediment 
washed twice in sterile phosphate buffer pH 7.4, 
before resuspending in buffer. Trypanosomes were dis- 
integrated by repeated freezing and thawing. 


Results 


Blood pressure and heart rates were measured in 12 
control New Zealand white rabbits. The systolic 
pressure was 66.2 + 7.3 mmHg, the diastolic pressure 
60.2+7.3 mmHg and the heart rate 116.34 15.9 
beats/minute. In 12 rabbits, chronic infection with T. 
brucei 427 {average infection time 39 days, range 
25—67) was accompanied by profound hypotension. 
The systolic pressure was 31.4+5.7 mmHg, the 
diastolic pressure 25.0+ 7.2 mmHg and the heart rate 
120.5 + 24.2 beats/minute. 

In two rabbits which had been infected for only ten 
days the blood pressures were 46/40 and 
36/30 mmHg with heart rates of 136 and 124 
beats/min respectively. 

Intravenous injections of separated whole or dis- 
integrated trypanosomes, or of trypanosomes heated 
at 96°C for 30 min had no significant effect on the 
blood pressure of normal rabbits even when the 
number injected was as high as 10°. Occasionally, a 
rapid transient fall of blood pressure lasting not more 
than 5 min and not exceeding about 15% was seen 
which was attributed to vascular reflexes caused by 
blockage of small vessels. However, when 3 x 108 dis- 
integrated trypanosomes were injected intravenously 
into chronically infected rabbits a significant 
(41.4+ 22.0%), often biphasic fall in blood pressure 
occurred 3—5 min later in all ten animals. It persisted 
for at least 10 min (Figure 1a). In most cases the blood 
pressure remained low for 30min, when the 
experiment was terminated. 

In two chronically infected rabbits (day 31) 
pretreated with aprotinin 5000 iu/kg 5 min before 
administration of 3 x 10° disintegrated parasites, the 
mean fall in blood pressure was only 5.2%. 

The effect of trypanosome/antibody complexes on 
6 non-infected control rabbits produced a fall of 
68.3 + 38.4% in blood pressure (Figure 1b). The fall 
started 3—5 min after injection of the complexes. 
Three of these rabbits died within 15min of 
administration of the complexes. Pretreatment of three 
non-infected rabbits with aprotinin completely 
abolished the hypotensive effect of complexes. 
Antiserum or live trypanosomes alone had no effect 
on blood pressure of non-infected rabbits. 
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Figure 1 (a) Effect of intravenous Injection of 


3 x 10° disintegrated 7. brucei on blood pressure of 
an anaesthetized rabbit chronically infected with 7. 
brucei. (b) Effect of intravenous injection of 3 x 10° 7. 
brucei + antibody immune complex suspension on 
blood pressure of an anaesthetized normal rabbit. 


Discussion 


Rabbits infected with trypanosomes developed severe 
hypotension as early as ten days after infection but 
showed no change in heart rate. Injections of 
trypanosomal antigen into chronically infected 
rabbits, or of immune complexes of trypanosomes and 
antibody into control rabbits, caused falls in blood 
pressure beginning 3—5 min after the injections. The 
falls in blood pressure were attributed to immune 
complexes because trypanosomes or immune sera 
alone had no effect on the blood pressure of non- 
infected rabbits. It is known that high levels of both 
variant and common antibodies are present as early as 
one week after infection (Gray, 1962). In these 
experiments the antigen used for intravenous injection 
was the same as that used to infect the rabbits, thus 


HYPOTENSION IN EXPERIMENTAL TRYPANOSOMIASIS 13 


antibody would be present at the time of the 
experiment. The resulting immune complexes may 
produce the release of hypotensive substances from 
the host. The findings support earlier in vitro work 
(Boreham & Goodwin, 1970). 

The fall in blood pressure in both experimental 
situations was inhibited by aprotinin which suggests 
that the hypotension was mediated by kallikrein. 
Aprotinin inhibits activated kallikrein but does not 
prevent the activation of prekallikrein or Hageman 
factor (Vogel & Werle, 1970). These results are 
consistent with the view (Boreham & Goodwin, 1970) 
that particulate complexes of trypanosomes with 
antibody adsorbed on to their surface activate 
Hageman factor which converts prekallikrein to 
kallikrein; the latter then forms kinins. 

Various particles with negative charges, e.g. glass, 
kaolin and extracellular membranes, activate 
Hageman factor bound to the negatively charged 
surface, by a process of limited proteolysis (Wuepper 
& Cochrane, 1972; Cochrane, Revak & Wuepper, 
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LABELLED DECAMETHONIUM IN CAT MUSCLE 


R. CREESE & JENNIFER MACLAGAN! 


Department of Physiology, St. Mary's Hospital Medical School, London W2 1PG 


1 Tritium-labelled decamethonium was infused intravenously in 12 cats at final rates of 
1.3—4.2 nmol kg~! min`? to produce a steady plasma concentration which ranged between 
0.21-1.3 pmol/l in different experiments. Muscle contractions were elicited by nerve stimulation and 
the potential at the end-plate regions of superficial fibres was recorded by extracellular electrodes. 
2 Under these conditions, it was not possible to obtain a steady degree of neuromuscular block. The 
initial decrease in muscle contractions was followed by recovery towards the original value although 
the concentration of decamethonium in the plasma remained constant, or in some cases rose. The initial 
depolarization of the end-plate region also waned during the constant infusion of the drug. 


3 Once the twitch tension had returned to control values during infusion of the drug, prolongation of 
the infusion for a total of four hours did not produce a secondary neuromuscular block. 

4 Scintillation counting showed that during infusion of labelled decamethonium the radioactivity of the 
muscles increased progressively with time. The uptake was less in the soleus muscle than in the fast- 
contracting flexor longus digitorum and extensor longus digitorum muscles. Muscles which had been 
denervated 12—13 days previously showed a greater uptake of labelled drug than control muscles from 
the contralateral limb. 

S5 The labelled drug was localized by autoradiography of frozen sections of leg muscles following 
intra-arterial injection of decamethonium. Grain counts in individual fibres showed that small amounts 
of decamethonium had entered the muscle fibres along their entire length, and there was increased 
uptake of the drug into the cell in the region of the end-plate. 

6 The mechanisms underlying the waning of the pharmacological response during constant 


application of depolarizing drugs are discussed. 


Introduction 


It has been shown by contact autoradiography that 
tritiated decamethonium accumulates at the end-plate 
region of mouse (Waser, 1966) and rat muscle (Creese 
& Maclagan, 1967). In the latter case, by using the 
more precise localization available with frozen-section 
autoradiography, it was found that the drug had 
entered the cells at the end-plate region and in 
adjacent parts of the fibre (Creese & Maclagan, 1970). 
Entry of the drug appeared to be related to the 
increase in membrane permeability which the drug 
produced and did not appear to be due to the change 
in membrane potential, as entry could still be 
demonstrated in muscles which were completely 
depolarized in solutions containing a high concentra- 
tion of potassium (Creese & England, 1970), 

The depolarizing action of decamethonium is not 
identical in all species. For example, in the cat, 


1Present address: Department of Pharmacology, Royal 
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decamethonium depolarizes the end-plate region by at 
least 55 mV and the effect is maintained throughout 
the period of application of the drug (Head, 1975). 
Thus the potential falls below the threshold for action 
potential generation (Boyd & Martin, 1956) and this is 
probably the cause of neuromuscular blockade (Burns 
& Paton, 1951) In the rat, however, when 
decamethonium is applied, the membrane potential 
falls only transiently (Thesleff, 1955); consequently, 
prolonged depolarization is unlikely to be the cause of 
neuromuscular blockade in the rat. 

The reasons for these species differences in the 
depolarizing ability of decamethonium are unknown 
but may reflect differences in the underlying 
permeability changes caused by the drug. For this 
reason it was of interest to know whether deca- 
methonium enters cat muscle fibres as it does in 
rat muscle. In the present experiments, the uptake of 
tritiated decamethonium into cat hind-limb muscle 
fibres was measured using scintillation counting and 
autoradiographic methods, and the pharmacological 


1%2 R. CREESE & JENNIFER MACLAGAN 


responses of the muscle were also recorded during 
intravenous infusion of the drug to give a constant 
plasma concentration which could be maintained for 
several hours. 

At the same time these experiments provided an 
opportunity to determine whether the blocking action 
of the drug progressively waned during prolonged 
application in vivo. This effect is well-known in 
isolated muscles but has not been studied in vivo 
under conditions where the plasma concentration of 
the drug could be monitored to ensure a constant drug 
concentration. 


Methods 


Cats weighing between 2 and 4 kg were anaesthetized 
with an intravenous injection of chloralose 
(80 mg/kg) and pentobarbitone sodium (4 mg/kg). A 
tracheal cannula was introduced so that artificial 
respiration could be applied when necessary. The hind 
limb was immobilized with steel drills through the 
upper and lower ends of the tibia and fibula and the 
tendons of attachment of either the soleus, tibialis 
anterior, flexor longus digitorum or extensor longus 
digitorum were separated from the bones and securely 
tied to a strain gauge (Statham 80 oz). Shielded 
platinum electrodes were placed on the sciatic nerve in 
the popliteal space and the nerve was tied central to 
the electrodes. Muscle twitches were elicited with 
supramaximal square wave stimuli of 0.1 ms duration, 
delivered once every 5s, and were registered on a 
Sanborn recorder. 


Recording of surface potential from tibialis anterior 
muscle 


The method used was that described by Burns & 
Paton (1951). A non-polarizable wick electrode was 
placed at the end-plate region of a group of surface 
fibres, and the location was adjusted to the point of 
maximal depolarization produced by a test dose of 
suxamethonium (30 pg/kg iv.) A second reference 
electrode was placed on the patella tendon or an 
exposed bone. The potential between these electrodes 
was recorded using a stable d.c. amplifier with an 
input resistance of 10 MO and was displayed on the 
pen recorder. The muscle was covered with liquid 
paraffin at 37°C contained in a pool formed from skin 
flaps. 


Administration of drugs 


Tritium-labelled decamethonium was diluted with 
0.9% w/v NaCl solution (saline) and unlabelled 
decamethonium was added to bring the concentration 
to 30 mol/L The solution was maintained at 37°C 
and infused via a polythene cannula into a jugular vein 


by means of a Watson-Marlow peristaltic pump. The 
rates of infusion are given in the Results. On other 
occasions decamethonium was administered by rapid 
intra-arterial injection, in a small volume of saline (less 
than 0.2 ml) in a retrograde direction into the anterior 
tibial artery, while the femoral arterial flow was 
temporarily occluded in the thigh. 


Blood samples 


Blood samples were obtained from a cannula in the 
carotid artery and collected directly into small 
graduated centrifuge tubes containing heparin. The 
cells were rapidly spun down and two aliquots of 
0.1 ml of plasma were removed from each sample, 
added to vials containing 1.0 ml hyamine hydroxide 
(1 mol/l in methanol) plus 0.5 mi KOH (1 mol/l in 
methanol) and counted by liquid scintillation. 


Denervation 


In five cats under pentobarbitone anaesthesia, the 
muscles of the left hind leg were denervated by 
removing 2cm of the sciatic nerve in the popliteal 
space and reflecting the central stump to prevent 
regrowth of the nerve. The acute experiments were 
performed 12—14 days later. 


Radioactive compounds and measurements 


[Methyl--H]-decamethonium dichloride with specific 
activity of 1.1 Ci/mmol was obtained from the 
Radiochemical Centre (Amersham). The compound 
was analyzed at Amersham by thin-layer 
chromatography on aluminium in chloroform- 
methanol (80:20, v/v) and the radiochemical purity 
was greater than 98%. 

Hind limb muscles were rapidly dissected free from 
connective tissue and frozen in isopentane cooled in 
liquid nitrogen. The muscles were weighed in 
crucibles, dried under vacuum with phosphorous 
pentoxide and reweighed. The dried muscle was 
powdered and samples of 4—8 mg were added to vials 
which contained 1 m! hyamine hydroxide (1 mol/l in 
methanol). The tissues were dissolved by heating for 
30 min in a water bath at 70°C and after the vials had 
cooled 0.5 ml KOH (1 mol/l in methanol) and 14 ml 
of scintillator (Creese & Taylor, 1967) were added. 
Background counts were measured in vials containing 
1 ml hyamine solution and 0.5 ml KOH solution plus 
scintillator. 


Autoradiography 


The methods used for freezing and sectioning muscles, 
for the preparation of the autoradiograms and for 
grain counting were identical to those described by 
Creese & Maclagan (1970). 


Drugs 


The following drugs and chemicals were used: 
pentobarbitone sodium (Abbott Laboratories 
Ltd.); chloralose (British Drug Houses Ltd} 
decamethonium dibromide (Syncurine, Burroughs 
Wellcome and Co., mol. wt. 418); suxamethonium 
chloride injection (Anectine, Burroughs Wellcome and 
Co.); hyamine hydroxide (1 mol/l in methanol; 
Nuclear Enterprises, Ltd.); heparin injection 1000 
iu/ml (Paines & Byrne Ltd.). 


Results 


Effect of decamethonium infusion on muscle 
contraction and end-plate depolarization 


Decamethonium (30 umol/l) was infused into 
anaesthetized cats at an initial rate of between 
2.1—5.2 ml/min, a range found to produce a rapid 
onset of neuromuscular block. As soon as the 
contraction height began to diminish the infusion was 
reduced and a final rate of 0.17—0.43 ml/min was 
maintained (1.3—4.2 nmol kg—! min=!). This produced 
a transient period of steady block (approximately 90% 
in tibialis musclé) during which the first blood sample 
was taken. Figures 1, 2 and 3 show results from 
different experiments. The plasma concentration was 
subsequently steady (Figure 3), slowly decreased 
(Figure 1) or slowly increased (Figure 2). In all cases 
the muscle contractions recovered despite the 
continued presence of the drug. 

Figure | shows simultaneous records of contraction 
and surface recording of depolarization from the 
tibialis anterior muscle during a 90 min infusion of 
decamethonium. With this extracellular recording 
method, changes in potential can be recorded but 
absolute values of membrane potential cannot be 
obtained. In this experiment the maximum depolariza- 
tion of the end-plate was reached 15 min after the start 
of the infusion, when the plasma concentration of the 
drug was 0.48 pmol/l. This was associated with 99% 
block of the tibialis twitches. As the infusion 
continued, the depolarization of the end-plate waned, 
until after 50min infusion the surface recording 
returned to the value before the infusion commenced. 
The muscle contractions also gradually returned to 
normal but their rate of recovery lagged behind the 
return of the potential. This may be due to the fact 
that these two recordings were obtained from different 
groups of fibres—the electrical records being 
restricted to a few superficial end-plates. After 70 min 
infusion, both mechanical and electrical recordings 
had returned to control values despite continued 
infusion of the drug. During the following 30 min 
infusion, the muscle contraction became larger than 
the initial values. Such a potentiation of the twitch 
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Figure 1 Infusion of [?H]-decamethonium in a cat. 
The graphs show simultaneous measurements of 
contractions of the tiblalis anterior muscle elicited by 
supra-maximal stimulation of the motor nerve (open 
circles) and potential at the end-plate region of 
surface fibres with reference to an indifferent 
electrode placed on the tendon (open triangles). At 
the first arrow Infusion of [?H]-decamethonium was 
started at a rate of 20.4 nmol kg“! min~’. The rate 
was adjusted at the second and third arrows and was 
then maintained at 4.2 nmol kg? min! from the 
third arrow until the end of the experiment. The 
values in the upper part of the figure indicate the 
plasma concentration of decamethonium in pmol/. 
Time (min) is measured from the start of the infusion. 
Decamethonium caused initial depolarization and 
neuromuscular block followed by complete recovery 
to control values. 


has been reported previously during the period 
immediately following a block caused by a single 
intravenous injection of decamethonium (Vrbova & 
Maclagan, 1966; Maclagan, 1976). 

Simuar results have also been obtained in the soleus 
muscle of the cat (Figure 2). This figure shows that a 
steady blockade was present 30 min after the start of 
the infusion. Two hours later the muscle twitch had 
returned to control values despite the continuous 
presence of the drug. In the case of the soleus muscle, 
surface recording was not possible as the scattered 
arrangement of the end-plates made it difficult to 
locate a discrete band of end-plates. The slowly 
contracting soleus muscle was always less sensitive to 
the drug than the fast contracting muscle (Jewell & 
Zaimis, 1951), but the time course of development of 
the blockade was similar in both types of muscle. This 
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Indirectly elicited maximal contractions of the soleus muscle {a} before and (b} to (e) during infusion 


of [*H]-decamethonium. The inltial infuslon rate (18.2 nmol kg—' min~') was changed to 2.6 nmol kg—! min at 
15 min and then maintained. The time in min after the start of the infusion is indicated below each section and 
the plasma concentration in pmol/] is given by the number above each section. Decamethonium produced a 
partial neuromuscular block. After 150 min infusion the block had completely recovered despite increasing 


plasma concentration of decamethonium. 


is illustrated in Figure 3 which shows simultaneous 
recordings from soleus and flexor longus digitorum. In 
any one cat the onset of the recovery of the 
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Figure 3 Simultaneous recording of contraction of 
soleus (O) and flexor longus digitorum (W) during 
prolonged infusion of labelled decamethonium. The 
infusion was started at a rate of 26.7 nmol kg™! min”? 
at A, adjusted at B and then kept constant at 
2.7 nmol kg~' min’! from C until the end of the 
experiment. The time scale is different after the first 
10 minutes. The plasma concentration showed only 
small variations and the values in pmol/l are given at 
the top of the figure. After an initial neuromuscular 
block the contractions of both muscles had returned 
to their control values by 150 minutes. The infusion 
was continued for a further 100 min but there was no 
sign of a secondary neuromuscular block. 


contraction during the infusion was very similar in 
both fast and slow muscle, as shown in Figure 3. 

In four of the cats, the infusion was continued after 
recovery of the twitch for a total period of 4 hours. 
There was no sign of development of a secondary 
blockade with continued application of the drug, and 
Figure 3 gives an example of one of these experiments. 


Uptake of [?H]-decamethonium by hind limb muscles 


At various times during the infusion of deca- 
methonium, individual muscles from the lower 
hind limb were rapidly dissected after ligation of the 
arterial branch supplying the muscle, and frozen in 
isopentane cooled in liquid nitrogen. The muscles 
were dried and powdered samples were weighed, 
dissolved and the radioactivity of each sample 
measured by liquid scintillation counting. Table 1 


Table 1 Uptake of labelled decamethonium in fast- 
contracting hind Ilmb muscles of cats infused 
intravenously at a constant rate 


Uptake 
Time in min (ml/g wet muscle} 
7— 60 0.15+0.021 (7) 
140—160 0.28 + 0.045 (7) 
220—260 0.68 + 0.079 (5) 


The first column gives the duration of perfusion in 
minutes. The uptake in leg muscles (extensor 
digitorum longus and flexor digitorum longus) was 
measured by scintillation counting and is expressed 
as a clearance, In ml/g. This is the ratio of the (counts 
per g wet muscle) to (counts per ml plasma). The 
limits give the s.d., with the number of muscles in 
parentheses. There is a progressive rise in the radio- 
activity found in the muscle. 
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Figure 4 Record of indirectly elicited twitches of the extensor longus digitorum muscles of the cat in 
response to an intra-arterial infection of [3H]-decamethonium chloride (80 ug kg" ', 0.6 mCi). Ninety minutes after 
the Injection the muscle was rapidly frozen and prepared for autoradiography. 


shows the uptake of [7H]-decamethonium, expressed as 
a clearance in ml/g, in the fast-contracting muscles at 
various times after the start of the infusion. The 
uptake during the first hour is largely attributed to the 
extracellular space; thereafter, the uptake increased 
progressively with time to values which suggest that 
accumulation of the drug was occurring in the muscle 
fibres. 

When the uptake in fast and slow muscles was 
compared it was found that at all stages of the 
infusion the uptake into the more sensitive fast- 
contracting muscles (extensor longus digitorum and 
flexor longus digitorum) was always greater than that 
in the slowly-contracting soleus muscle (Table 2). 

Denervation of the muscles of one hind limb greatly 
increased the uptake compared to the unoperated 
muscles of the contralateral limb (see Table 3). After 
140 min infusion, uptakes of over 1.0 ml/g were found 
in denervated muscles in some cases. 


Autoradiography of frozen sections 


The results obtained with scintillation counting of 


Table2 Uptake of labelled decamethonium in 
different leg muscles of cats after intravenous 
infusion at a constant rate. 


Uptake (mi/g wet muscle) 


Extensor Flexor 
Time digitorum digitorum 
in min Soleus longus longus 
135 0.20 — 0.26 
135 0.28 ~= 0.53 
144 0.11 0.21 — 
144 0.11 0.20 — 
164 0.19 0.31 — 
224 0.30 0.34 — — 
250 0.28 0.64 0.68 
260 0.33 _ 0.80 
260 0.30 0.73 — 


The first column gives the duration of infusion. The 
expression ml/g is calculated as In Table 1. In each 
experiment the uptake Into fast-contracting extensor 
longus digitorum and flexor longus digitorum muscles 
is greater than that in the soleus muscle. 


dried muscles was consistent with an uptake of [*H]- 
decamethonium into a compartment larger than the 
extracellular space. However such expériments cannot 
give any further indication of the location of the drug 
within the muscle. For this reason, autoradiography of 
frozen sections of muscles loaded with [H]- 
decamethonium was undertaken. The method has 
been used successfully in rat muscle (Creese & 
Maclagan, 1970) but in this species much greater 
doses of decamethonium were needed to produce 
neuromuscular blockade than in the more sensitive cat 
muscle. This is shown by the plasma concentration in 
the rat which ranged from 11 to 43 pmol/l, whereas in 
the cat a comparable degree of neuromuscular 
blockade is produced with a plasma concentration 
below 1 pmol/L. Thus in the present experiments in the 
cat, much lower levels of radioactivity were expected 
than in the previous work on rats. For this reason [*H]- 
decamethonium dichloride was injected intra-arterially 
in a dose (80 pg/kg) which caused complete blockade 
of extensor longus digitorum for 15 min (see Figure 4). 
After an interval of 90 min which allowed the extra- 
cellular concentration of the drug to diminish, the 


Table3 Effect of chronic denervation on uptake of 
labelled decamethonium in leg muscles of cats 
infused intravenously at a constant rate for 140 
minutes 


Uptake 
(mi/g wet 
muscle} 
Control Denervated Muscle 

0.20 1,22 Soleus 
0.11 0.26 Soleus 
0.11 0.28 Soleus 
0.26 1.30 Flexor longus dightorum 
0.21 0.28 Flexor longus digitorum 
0.19 0.49 Flexor longus digitorum 
0.20 0.32 Extensor longus digitorum 
0.20 0.38 Extensor longus digitorum 


The muscles were denervated 12—13 days 
previously. The uptake Is expressed as ml/g, as in 
Table 1. In each case the uptake In the denervated 
muscle is greater than that in the control muscle 
taken from the other leg. 
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Figure & Autoradiogram prepared from muscle shown in Figure 4. The grain density over the fibres is high at 
the end-plate (left-hand section) but considerably lower at a distance of 500 um from the end-plate region 


(right-hand section). 
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Figure 6 Distribution of grain-density along 8 fibres 
from the extensor longus digitorum muscle of Figures 
4 and 5. The grain density at different points along 
the fibre has been expressed as a percentage of the 
value at the end-plate region. Each column represents 
the mean value of sight measurements after the 
background count had been subtracted (s.e. mean 
between 6.0 and 11.5). 


muscle was removed from the cat and rapidly frozen. 
Autoradiograms were prepared from frozen sections 
which were cut longitudinally and stained with an azo- 
dye to show the position of the esterase at the endplate 
region. Figure 5 shows the autoradiogram prepared 
from the muscle referred to in Figure 4. There is a high 
grain density over the fibres at the endplate region (left- 
hand section), but the radioactivity is much reduced at 
a distance of 500 um from the end-plate (right-hand 
section). The resolution of the method is of the order of 
lym (Creese & Maclagan, 1970) so these results 
indicate that the drug is concentrated in the cells at the 


end-plate region and in the surrounding parts of the . 


fibres. The grain density between the fibres was low, 
indicating that the extracellular concentration of the 


drug had indeed been reduced to low levels 90 min after 
the injection. 

The longitudinal distribution of radioactivity was 
determined by measuring the grain density along the 
fibres in individual fibres obtained from several sections 
of the same muscle, Figure 6 gives the distribution in 
8 fibres from the muscle shown in Figures 4 and 5. 
The grain counts show that a small amount of [°H]- 
decamethonium had entered the muscle fibres along 
their entire length but there was an increased uptake of 
the drug into the cells in the region of the end-plate. 


Discussion 


In the present experiments it has been shown that 
prolonged infusion of [>H]-decamethonium in the cat 
produces an initial paralysis of the indirectly elicited 
twitches of both fast and slow muscles, followed by 
recovery of the twitch response despite a plasma 
concentration of the drug which was maintained 
approximately constant. Extracellular recording of 
depolarization showed that this recovery of the twitch 
was accompanied by a waning of the end-plate 
depolarization produced by the drug. A similar effect 
has been reported in the cat tenuissimus muscle in vivo 
(Maclagan, 1962), but in the absence of measurements 
of plasma concentration of the drug it was attributed 
to a reduction in the infusion rate. These results in the 
cat are comparable to those obtained in vivo in the rat 
(Creese & Maclagan, 1970) and in man (Poulsen & 
Hougs, 1958). In all three species therefore application 
of a constant concentration of depolarizing drugs in 
vivo does not cause a maintained neuromuscular 
block. 

The recovery from blockade is dose-dependent and 
can only be recorded within narrow dose limits. At the 
upper end of this restricted range it may be necessary 
to continue the infusion for more than one hour before 
the recovery occurs. If large enough doses are given, 
sufficient to cause complete blockade, recovery of the 
twitch may not occur.. 


Our results with prolonged application of 
decamethonium in vivo in the cat and in the rat 
(Creese & Maclagan, 1970) are comparable to those 
obtained by many authors in isolated muscle from the 
frog (Gissen & Nastuk, 1966), cat (Maclagan, 1962), 
rat (Thesleff, 1955; Gibberd, 1966; Harris & Leach, 
1970), guinea-pig (Jenden, 1955), rabbit (Jenden, 
Kamijo & Taylor, 1954) and man (Creese, Dillon, 
Marshall, Sabawalla, Schneider, Taylor & Zinn, 
1957). In vitro, as in vivo, the recovery of the twitch 
during prolonged application of the drug is critically 
dependent on the dose (Jenden et al., 1954; Gissen & 
Nastuk, 1966). 

Potential measurements are not available for most 
experiments on isolated muscles but it is known that in 
frog (Gissen & Nastuk, 1966) and in rat muscle 
(Thesleff, 1955) the membrane potential returned 
towards control levels while the drug was still in 
contact with the muscle. It appears, therefore, that 
recovery of both depolarization and muscle 
contractions during prolonged application of low 
doses of depolarizing drugs is a widespread 
phenomenon both in vivo and in isolated muscle pre- 
parations. There was, however, no sign of the 
secondary blockade which has been found in vitro and 
termed Phase II block by Taylor and his colleagues 
(Jenden et al., 1954; Jenden, 1955). 

When the radioactivity of the cat muscles was 
measured by scintillation methods at various times 
during the infusion, the results showed (1) that the 
drug accumulated in the muscle, (2) that the uptake 
increased progressively with time, (3) that muscles 
which were less sensitive to the action of 
decamethonium (soleus muscle) showed a smaller 
uptake of the drug than the more sensitive fast- 
contracting muscles, and (4) as might be expected, a 
procedure such as denervation of the muscle, which 
increases its sensitivity to all depolarizing drugs, 
greatly increased the uptake of the drug into the 
muscle, Similar results in rat and guinea-pig muscles 
have been obtained by Creese, Taylor & Case (1971). 

The results of the experiments with labelled 
decamethonium also showed that the drug 
accumulated in the muscle to a greater extent than 
could be accounted for by its presence in the ex- 
tracellular space. With this method of expressing 
uptake as a clearance in ml/g, the uptake into the 
extracellular space would be of the order of 
0.1—0.2 ml/g, but in our experiments uptakes much 
greater than this were found in normal muscle and 
after denervation the values increased further. By use 
of frozen section autoradiography, which prevents 
movement of the water soluble drug and which 
permits more precise localization, the drug was found 
within the fibres. The resolution of the method was 
l um (Creese & Maclagan, 1970) and there is the 
possibility that some of the drug is attached to the 
tubule system within the fibre. Longitudinal sections 
showed grains all along the fibres, with a concentra- 
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tion in the region of the end-plate and for several 
hundred microns on either side. There is some 
indication that decamethonium is entering the cells via 
the receptor-activated sodium channels; Creese & 
England (1970) and Humphrey (1975) both found 
that the permeability of rat muscle to decamethonium 
was similar to that of sodium and much lower than 
that of the potassium ion. In addition, tubocurarine 
prevents both the entry of the drug into the cells and 
the pharmacological action on the receptors. 

Our finding that the uptake of decamethonium into 
the muscle cells increases progressively with time was 
of particular interest as the pharmacological effects of 
the drug on contraction and on the membrane 
potential were only transient. It has been suggested by 
others that the transient blockade and potential 
changes in isolated muscle preparations are due to the 
development of receptor desensitization (Thesleff, 
1955; Gissen & Nastuk, 1966). However, this 
suggestion is difficult to reconcile with the finding that 
the drug continues to enter the cells, presumably via 
the sodium channels, even when the blockade has 
disappeared. 

There are several possible ways to explain the 
waning pharmacological effect without postulating 
receptor desensitization. Stimulation of outward 
sodium pumping from the cell could explain the 
repolarization of the membrane while the sodium 
channels remain open. The stimulus to the sodium 
pump might be either an increase in the intracellular 
concentration of sodium, caused by decamethonium, 
or the resulting increase in potassium ion concentra- 
tion in unstirred layers just outside the cell. Both of 
these mechanisms are known to be effective activators 
of the sodium pump in other tissues (Glynn, 1957, 
1962; Glynn & Karlish, 1975). 

Some evidence to support the presence of sodium 
pumping during the recovery phase comes from the 
work of Head (1975). He showed that in isolated cat 
muscles, ouabain, applied during the recovery phase 
after decamethonium-induced depolarization, slowed 
or prevented the normal recovery of the membrane 
potential. This effect may be species dependent as, in 
the frog under similar conditions, strophanthidin was 
ineffective (Terrar, 1974). 

This problem cannot be resolved with the available 
evidence but the results obtained in the present 
experiments showing progressive uptake of 
decamethonium into cat muscle fibres do not appear 
to support the theory that receptor desensitization 
occurs during prolonged application of blocking doses 
of depolarizing drugs. At much higher concentrations, 
however, such as those produced during iontophoretic 
application, receptor desensitization may be an 
important factor (Thesleff, 1955; Gissen & Nastuk, 
1966). 
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THE EFFECT OF METIAMIDE 


ON ACID SECRETION STIMULATED BY 

GASTRIN, ACETYLCHOLINE AND DIBUTYRYL 
CYCLIC ADENOSINE 3',5’-MONOPHOSPHATE - 

IN THE ISOLATED WHOLE STOMACH OF THE RAT 


K.T. BUNCE, M.E. PARSONS & NITA A. ROLLINGS 
The Research Institute, Smith Kline & French Laboratories Limited, 


Welwyn Garden City, Hertfordshire 


I An isolated stomach preparation from immature rats is described. The lumen of the stomach was 
perfused and the hydrogen ion activity of the perfusate recorded continuously. 

2 The preparation gave dose-dependent responses to gastrin, acetylcholine and dibutyryl cyclic 
adenosine 3’,5’-monophosphate and these responses were readily reversed on washing out the 


agonist. 


3 The acid secretory response to gastrin was inhibited by metiamide at concentrations of 1075 M and 


3x 1075M. 


4 The acid secretory responses to acetylcholine and dibutyryl cyclic adenosine 3’,5’-mono- 
phosphate were not inhibited by concentrations of metiamide up to 10~? M. 


5 These findings are discussed in relation to the role of histamine in the control of gastric acid 


secretion. 


Introduction 


The interrelationship of the three physiological gastric 
secretagogues, histamine, gastrin and acetylcholine in 
the stimulation of gastric secretion remains 
unresolved. Several lines of evidence implicate 
histamine as a mediator of gastrin-stimulated acid 
secretion. In the rat, the activity of gastric mucosal 
histidine decarboxylase (EC. 4.1.1.22) has been shown 
to be closely correlated with the serum gastrin level 
(Hakanson, Kroesen, Liedberg, Oscarson, Rehfeld & 
Stadil, 1974), and administration of gastrin diminishes 
the gastric mucosal histamine content (Haverback, 
Tecimer, Dyce, Cohen, Stubrin & Santa Ana, 1964; 
Kahlson, Rosengren, Svahn & Thunberg, 1964). 
Furthermore the histamine H,-antagonists, metiamide 
and cimetidine, are potent inhibitors of pentagastrin- 
stimulated gastric acid secretion in several species 
(Wyllie & Hesselbo, 1973; Brimblecombe, Duncan, 
Durant, Emmett, Ganellin & Parsons, 1975; Burland, 
Duncan, Haggie, Hesselbo, Mills, Sharpe & Wyllie, 
1975). The role of endogenous histamine in 
cholinergically-stimulated gastric acid secretion is less 
clear. Although the H,-antagonists do inhibit 
cholinergically-stimulated secretion (Brimblecombe et 
al. 1975; Parsons, 1975), higher dose levels of the 
antagonists are required than for the inhibition of 
histamine- and pentagastrin-stimulated secretion and 
the interpretation of these studies is complicated by 


the release of endogenous gastrin. Also, experiments in 
the rat have led to disagreement about the direct 
cholinergic effect of vagal excitation on the 
mobilization of gastric mucosal histamine (Rosengren 
& Svensson, 1969; Håkanson & Liedberg, 1972). In 
recent years the role of cyclic adenosine 3’,5'-mono- 
phosphate (cyclic AMP) in the control of gastric 
function has stimulated considerable interest, and the 
subject has been extensively reviewed (Scratcherd & 
Case, 1973; Kimberg, 1974). 

In the present study the isolated perfused stomach 
of the rat has been used for a quantitative investigation 
of the inhibitory effect of metiamide against gastrin-, 
acetylcholine- and dibutyryl cyclic adenosine 3’,5’- 
monophosphate- (db cyclic AMP) stimulated acid 
secretion in the absence of neural and indirect 
hormonal influences. 


Methods 


Fed immature rats of either sex weighing between 
35-45 2 were anaesthetized with pentobarbitone 
(3 mg ip.). The abdomen was opened and the 
oesophagus ligated close to the stomach. An incision 
was made in the rumen of the stomach and the 
contents washed out with warm Krebs-Henseleit 
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solution. A second incision was then made at the 
pyloric sphincter and polythene cannulae were 
inserted and tied into the stomach via these incisions. 
The stomach was rapidly dissected out and placed 
immediately in a 10 ml organ bath containing Krebs- 
Henseleit solution at 37°C. The lumen of the the 
stomach was perfused by use of an H.R. Flow-Inducer 
(Watson-Marlow Ltd.), at a rate of 1 ml/min with a 
modified Krebs-Henseleit solution at 37°C. Both salt 
solutions were gassed with 95% O, and 5% CO.,. The 
effluent perfusate from the stomach was passed over a 
micro dual electrode (Russell pH Ltd.) clamped 20 cm 
higher than the stomach. Changes in pH were 
converted to a function of hydrogen ion activity by an 
antilog function generator (Research Institute 
Workshop, SK&F Laboratories Ltd.> and 
continuously recorded on a potentiometric pen 
recorder (Servoscribe). The rate of acid secretion was 
then expressed as [H+] molx 10-ë per minute. The 
Krebs-Henseleit solution in the organ bath contained 
(mM) 119.0 NaCl, 4.7 KCL, 2.5 CaCl, 1.2 MgSO,, 
25.0 NaHCO,, 1.03 KH,PO, and 5.6 glucose. The 
modified lumen perfusate had a similar composition 
but with the NaHCO, and KH,PO, omitted. All drugs 
were added in a volume not exceeding 0.5 ml, to the 
Krebs-Henseleit solution bathing the serosal surface of 
the stomach. After setting up the stomach preparation 
the basal H+ output was allowed to stabilize, under 
control conditions and in the presence of metiamide, 
before the secretary responses to an agonist were in- 
vestigated, The response to a single dose of an agonist 
was calculated as the amount of acid secreted at peak 
response minus the preceding basal level. Fresh 
solutions of pentagastrin, acetylcholine and metiamide 
were made each day in Krebs-Henseleit solution. A 
stock solution of db cyclic AMP at 10-7M was 
prepared in Krebs-Henseleit solution and a stock 
solution of gastrin at 200 ug/ml was prepared in 
0.05M NH,HCQ,. Both stock solutions were stored 
at 4°C and diluted with Krebs-Henseleit solution as 
required. 


Drugs 


The following drugs were used: gastrin (synthetic 
human gastrin I) and pentagastrin (Peptavlon, ICI 
Ltd.), acetylcholine chloride (BDH Ltd.), dibutyryl 
cyclic adenosine 3’,5’-monophosphate (db cyclic 
AMP, Sigma Chemical Co. Ltd.), pentobarbitone 
(Nembutal, Abbott Laboratories Ltd.), metiamide 
(SK&F 92058) was synthesized in our own 
laboratories. 


Analysis of results 


Results are expressed as meants.e. mean. An 
analysis of variance was used to test the effect of 
metiamide on acid secretion stimulated by each 
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Figure 1 Tachyphylaxis of the acid secretory 
response to repeated doses of pentagastrin at 107 M. 
The first response of each stomach was expressed as 
100%, and the subsequent responses were recorded 
as a percentage of this first response. The figure 
records the mean times at which the doses of 
pentagastrin were administered. Each point is the 
mean of 4 to 6 observations. The vertical and 
horizontal bars show s.e. mean. 


agonist. A P-value of less than 0.05 was considered to 
be significant. 


Results 


For gastrin and acetylcholine, sequential dose- 
response curves have been constructed in order to 
determine the dose-range over which a linear dose- 
response relationship was obtained. Two suitable con- 
centrations of each agonist were then chosen for 
carrying out the 2+2 assays, which were used to 
investigate the effect of metiamide on acid secretion. A 
prerequisite for this study was to establish that the 
preparation gave reproducible responses to a 
particular agonist. Therefore two control 2-point dose- 
response curves were constructed on eight stomach 
preparations for each agonist. These preliminary 
experiments were then used to determine whether 
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Figure2 Sequential dose-response curve to 
gastrin. Each point is the mean of 4 observations. 
Vertical lines show s.e. mean. 


there were any time-related changes in the sensitivity 
of the preparation to an agonist, which might be 
unrelated to the presence of metiamide. 


Pentagastrin 


Preliminary experiments showed that the rat isolated 
stomach did not give reproducible responses to 
repeated doses of pentagastrin. The acid secretory 
responses to repeated doses of pentagastrin at 10-7 M 
are shown in Figure 1. Over a period of 5h, during 
which five doses of pentagastrin were administered, 
the acid secretory response diminished by approx- 
imately 70%. The tachyphylaxis to pentagastrin made 
this secretagogue unsuitable for the construction of 
dose-response curves, and therefore gastrin was next 
investigated. 


Gastrin 


Sequential dose-response curve. The sequential dose- 
response curve for gastrin is shown in Figure 2. The 
threshold concentration was 10-* M and the plot was 
linear over the range 3x10°M to 3x10-’M. A 
concentration of gastrin of 10-°mM gave a sub- 
maximal response. Doses of 10-7M and 3x 107M 
were therefore used for the construction of 2-point 
dose-response curves, the doses being administered in 
a randomized order. 


Reproducibility of response. Although the acid 
secretory response of the isolated stomach also 
showed some tachyphylaxis to gastrin, particularly 
between the first two responses to the hormone, this 
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Figure 3 Dose-response curves to gastrin in the 
presence and absence of metiamide. Vertical lines 
show s.e. mean. Analyses of variance on these data 
provided the following information. (a) Control (n= 8); 
the second-curve (OQ) was not significantly displaced 
from the first curve (@}: the slopes of the two lines 
were not significantly different; (b) 1078 m metiamide 
(n= 9); (c) 3x 10-° mM metiamide (n= 7). In each case 
the slope of the line in the presence of metiamide (O) 
was not significantly different from that obtained with 
gastrin alone (@). The dose-response curves to gastrin 
in the presence of metlamide (10-8 m and 3 x 105 m) 
were significantly displaced from thelr respective 
control curves. 


was less marked than with pentagastrin. For this 
reason the first dose of gastrin was considered to be a 
‘priming’ dose, and if a dose of 10-7 M gastrin was 
given for this purpose the subsequent four responses 
were then sufficiently reproducible for the construction 
of the 2-point dose-response curves. 


The effect of metiamide. A study of the effect of H,- 
receptor blockade on the response to gastrin was 
made with two concentrations of metiamide (10-7 M 
and 3 x 10-7 M). For this purpose two 2-point gastrin 
dose-response curves were constructed on each 
stomach preparation. A control dose-response curve 
was established and each stomach was then 
equilibrated in Krebs-Henseleit solution containing the 
appropriate concentration of metiamide for approx- 
imately 1 h, and then the second curve constructed. 
The mean dose-response curves obtained in these 
experiments are shown in Figure 3. The control data 
(Figure 3a) show that there were no significant time- 
related changes in the sensitivity of the preparation to 
gastrin, and this result indicates that the omission of 
the first ‘priming’ gastrin dose from the assay was 
expedient. The results presented in Figure 3 show that 
metiamide is an effective inhibitor of gastrin- 
stimulated acid secretion in this preparation, although 
the pattern of inhibition differs from that obtained 
when histamine was used as the agonist (Bunce & 
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Figure 4 The acid secretory response to 5x 1077 M 
gastrin in the presence of metiamide (3 x 10 m). 
Control (@), metiamide (O). Each point is the mean of 
7 observations. Vertical lines show s.e. mean. 


Parsons, 1976). The latter authors showed that a 
parallel displacement of the histamine dose-response 
curve to the right was obtained which enabled dose- 
ratios to be calculated; in the present study the con- 
centration of gastrin was increased to 5 x 1077M in the 
presence of metiamide in an effort to provide 
comparable data. However, as can be seen in Figure 4, 
the response to this latter concentration of gastrin was 
less than that obtained to a concentration of 3 x 1077M, 
and the resultant depression of the maximum response 
compared to the control suggests a non-competitive 
type of antagonism. In the control dose-response 
curves in the present experiments, concentrations of 
gastrin greater than 3x 10-’M were not used to 
determine whether a similar reduction in response was 
obtained. However, extrapolation from the sequential 
dose-response curve (Figure 2) does indicate that under 
control conditions also, a concentration of gastrin 
above 3x107’M gives a submaximal response. 
Calculation of dose-ratios for comparison of the 
present results with those obtained with histamine was 
therefore impossible. 


Acetylcholine 


Sequential dose-response curve. The sequential dose- 
response curve for acetylcholine is shown in Figure 5. 
The threshold concentration of acetylcholine was 
10-*M, and the plot was linear over the range 
3x10*mM to 10°mM. A concentration of 
acetylcholine of 3 x 107? M not only failed to stimulate 
acid secretion, but also diminished the basal rate of 
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Figure 5 Sequential dose-response curve to 
acetylcholine. Each point is the mean of 4 
observations. Vertical lines show s.e, mean. 


acid output. Doses of 3 x 10-* M and 7x 10-4 M were 
therefore used for the construction of 2-point dose- 
response curves, and these doses were administered in 
a randomized order. 


Reproducibility of response. As with gastrin, the first 
dose of acetylcholine produced a secretory response 
which was greater than the subsequent responses to 
similar doses of this compound. Therefore a ‘priming’ 
dose of 3 x 10-* M acetylcholine was routinely used in 
these experiments. However, unlike gastrin, the 
responses subsequent to that produced by the 
‘priming’ acetylcholine dose showed a slight tendency 
to increase during the course of an experiment. 


The effect of metiamide. Two 2-point dose-response 
curves to acetylcholine were constructed on each 
stomach preparation. The experimental procedure was 
as described for gastrin. Metiamide was used at con- 
centrations of 3x 107$ M, 10-*M and 10? M. The 
mean dose-response curves obtained in these 
experiments are recorded in Figure 6. The control 
curves obtained in the absence of metiamide 
(Figure 6a) show that there was a small but 
insignificant shift of the dose-response curve to the 
left. Similar changes were also seen in the presence of 
metiamide at concentrations of 3 x 1075 M and 10-* M 
(Figure 6b and c), and a further increase of the 
metiamide concentration to 107M produced 
comparable results. At each concentration in- 
vestigated, metiamide failed to produce a shift of the 
dose-response curve to the right, and this result 
indicates that metiamide is not an inhibitor. of 


EN 
& 
Yr 
O 


ie) 


Ht output (mol x1078/min) 
M 


N 


[Acetylcholine] x10 * 


Figure 6 Dose-response curves to acetylcholine in 
the presence and absence of metiamide. Vertical lines 
show s.e. mean. Analyses of variance on these data 
provided the following Information. {a} Control (n= 8); 
the second curve {O} was not significantly displaced 
from the first curve (@}; the slopes of the two lines 
were not significantly different; (b) 3x10-%m 
metiamide (n=7); (c) 10-*M metiamide (n= 8), In 
each case the slope of the line In the presence of 
metiamide (O) was not significantly different from 
that obtained with acetylcholine alone (@). The dose- 
response curves to acetylcholine in the presence of 
metlamide (3x10-'m and 10m) were not 
significantly displaced from the respective control 
curves. 


acetylcholine-stimulated secretion in the isolated 
stomach preparation. 


Dibutyryl cyclic adenosine 3' ,5'-monophosphate 


Preliminary experiments with db cyclic AMP showed 
that the threshold concentration was 5 x 1076 M, and 
that concentrations of 5x 10-°M and 1.5x10-*m 
gave dose-related responses which could be used to 
investigate the effect of metiamide. 


The effect of metiamide. The experimental procedure 
was as described for gastrin and acetylcholine. 
Metiamide was used at concentrations of 10~* M and 
10? M, and the mean dose-response curves obtained 
in these experiments are shown in Figure 7. Control 
dose-response curves in the absence of metiamide 
(Figure 7a) showed that there were no significant time- 
related changes in the sensitivity of the preparation to 
db cyclic AMP. Mettamide, at the high concentrations 
used, did not inhibit db cyclic AMP-stimulated acid 
secretion in this preparation. 
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Figure 7 Dose-response curves to dibutyryl cyclic 
adenosine 3’,5’-monophosphate {db cyclic AMP} in 
the presence and absence of metiamide. Vertical lines 
show s.e. mean. Analyses of variance on these data 
provided the following Information. (a) Control (n=8); 
the second curve (O) was not significantly displaced 
from the first curve (@); the slopes of the two lines 
were not significantly different: (b}) 10-* m metiamide 
(n= 9): (c) 10 m metiamide (n= 7). In each case the 
slope of the line in the presence of metiamide (O) was 
not significantly differant from that obtained with db 
cyclic AMP alone (@). The dose-response curves to db 
cyclic AMP in the presence of metiamide {10— m and 
10°°m) were not significantly displaced from the 
respective control curves. 


Discussion 


The present experiments on the rat isolated stomach 
show that the preparation is a useful tool for the 
elucidation of the control of gastric function. One 
problem associated with the preparation which was 
immediately apparent is the tachyphylaxis observed to 
repeated doses of pentagastrin. This phenomenon of 
tachyphylaxis to gastric secretagogues has also been 
recorded by other workers both in vivo and in vitro. 
Kasbekar (1972) found that the amphibian isolated 
gastric mucosa exhibited tachyphylaxis to repeated 
doses of pentagastrin. In the anaesthetized cat 
repeated injections of a gastrin extract also produced 
tachyphylaxis (Uvnas, 1945; Emas, 1960; Blair, 
Harber, Lake & Reed, 1963), although in the 
anaesthetized lumen-perfused rat a progressive 
increase in the sensitivity of the preparation to gastrin 
has been demonstrated (Lai, 1964; Parsons, 1969). 
This latter observation is in direct contrast with the 
results obtained on the isolated stomach of the rat. In 
the present work, the tachyphylaxis to pentagastrin 
was more severe than that to gastrin; an observation 
which cannot be explained at the present time. 
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Some workers have reported the failure of 
pentagastrin to stimulate acid secretion from 
mammalian isolated gastric mucosa preparations, ¢.g. 
piglet gastric mucosa (Forte, Forte & Machen, 1975) 
and guinea-pig gastric mucosa (Spencer, 1974). 
However, acid secretion has previously been obtained 
in response to pentagastrin from in vitro rat gastric 
mucosa and stomach preparations. Brennan, 
Arbakov, Stefankiewicz & Groves (1975) obtained a 
maximum secretory rate of approximately 33 wEaq/h 
above basal in response to 3x 1075M pentagastrin 
and Wan, Assem & Schild (1974) recorded a 
maximum rate of approximately 12pEq cm~? 
30 min`! above basal to 1.3 x 10-® M pentagastrin. In 
this investigation the isolated stomach of the rat gave 
a maximum acid secretory response of 7.5 x 10-® mol 
min7! (equivalent to 4.5 yEq/h) in response to 
3x 10-7 M gastrin (Figure 2), and for comparison the 
surface area of the acid secreting mucosa in the 
immature rat was approximately 2 cm?. However, the 
preparations of Wan ef al. (1974) and Brennan et al. 
(1975) also gave higher acid secretory responses to 
histamine than the preparation described by Bunce & 
Parsons (1976). Possible explanations for these 
differences are that in this study immature animals 
were used, whereas both Wan et al. (1974) and 
Brennan et al. (1975) used mature rats. The 
techniques employed also differed considerably. The 
latter groups of workers both used static systems, 
whereas a perfusion technique was used in the present 
work. Also, of course, it may not be valid to compare 
the effects of pentagastrin and gastrin. 

The reduction of the maximal response to gastrin in 
the presence of metiamide (Figure 4) is compatible 
with a non-competitive type of inhibition, and is similar 
to results obtained in vivo using pentagastrin in the 
Heidenhain pouch rat (Lundell, 1975), and by Black 
(1973) using the Heidenhain pouch dog. However 
metiamide has been shown to act like a competitive 
antagonist at H,-receptors (Parsons, 1973; Bunce & 
Parsons, 1976), and this situation led Black (1973) to 
postulate that canine gastric mucosa possesses two 
types of gastrin receptor. One type of receptor, whose 
effects are mediated by H,-receptors, is excitatory, 
and the other, which is not affected by metiamide, is 
inhibitory. Under these circumstances it is possible 
that metiamide, a competitive H,-receptor antagonist, 
would depress the maximum secretory response to 
gastrin as seen in the present study. 

There are few reports on the inhibition of gastrin- or 
pentagastrin-stimulated acid secretion by an H,- 
antagonist in vitro. Wan et al. (1974) reported that 
metiamide inhibited the acid secretory response to 
pentagastrin in the isolated stomach of the rat and 
Schofield, Tepperman & Tepperman (1975) found 
that metiamide (5x 10 M) inhibited pentagastrin- 
stimulated acid secretion in the in vitro kitten fundic 
mucosa. Both of these groups of workers 


investigated the effect of metiamide on one dose level 
only of pentagastrin, and the test and control 
experiments were carried out on separate mucosa pre- 
parations. In this investigation two dose levels of 
gastrin were used, and both test and control dose- 
response curves were constructed on each stomach. 
However, the results obtained in the present work do 
confirm the observations of Wan et al. (1974) and 
Schofield et al. (1975), and provide additional 
evidence to that reported in vivo (Parsons, 1975) that 
the acid secretory response to gastrin is probably 
mediated at least in part through a histaminergic 
pathway. 

There is little information available about acid 
secretion stimulated by db cyclic AMP and 
cholinomimetic compounds in mammalian isolated 
stomach and gastric mucosa preparations. In the 
present experiments both acetylcholine (10-? M} and 
db cyclic AMP (1.5x 1074 M) stimulated an acid 
secretory response of approximately 5.0 
mol x 10~*/min (equivalent to 3.0 pwEq/h). A similar 
rate of acid secretion (2.63 puEq cm~*h-") was 
obtained by Schofield et al. (1975) from the isolated 
kitten fundic mucosa in response to acetylcholine 
(10~ M). Higher rates of acid secretion were obtained 
by Brennan ef al. (1975) on the isolated rat stomach in 
response to both bethanechol (2.2 x 10-* M) and db 
cyclic AMP (10-4 M), and also by Fromm, Schwartz 
& Quijano (1975) on the rabbit isolated gastric 
mucosa in response to db cyclic AMP (1.2 x 10° M). 
However, it is of interest that both the latter groups of 
workers used stomachs from mature animals, whereas 
Schofield et al. (1975) used stomachs from immature 
animals as in the present investigation. 

In viva, cholinergic excitation causes acid secretion 
by a direct action on the fundic mucosa, and also via 
the release of gastrin from the pyloric antrum 
(Csendes, Walsh & Grossman, 1972). In vitro, there is 
no information about the release of gastrin from the 
rat stomach although it is unlikely that sufficient 
amounts of gastrin would be released into the serosal 
solution for biological action, and on this basis the 
isolated stomach of the rat enables a study of the 
direct secretagogue effect of acetylcholine. The failure 
of metiamide to inhibit acetylcholine-stimulated acid 
secretion in vitro (Figure 6) has also been shown by 
Schofield et al. (1975) and agrees well with previous 
observations on guinea-pig ileum where metiamide has 
no specific interaction with muscarinic receptors 
(Black & Spencer, 1973), although the result is in 
contrast with the view held by Kowalewski & Kolode} 
(1974) that metiamide does exhibit some cholinocep- 
tor blocking activity. Also, the ineffectiveness of 
metiamide against acetylcholine-stimulated acid 
secretion indicates that acetylcholine per se does not 
mobilize gastric mucosal histamine, but stimulates 
acid secretion through a direct cholinergic pathway. 

Interaction of histamine with H,-receptors 


influences the level of cyclic AMP in rat gastric 
mucosa. Exogenous histamine increases the activity of 
gastric mucosal adenylate cyclase and elevates the 
level of cyclic AMP in rat gastric mucosa, and these 
changes can be prevented by H,-antagonists (McNeill 
& Verma, 1974; Ruoff & Sewing, 1975). The latter 
experiments show that cyclic AMP operates at a 
position ‘distal’ to histamine in the chain of events 
which lead to the secretion of acid. This conclusion is 
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in which metiamide failed to inhibit db cyclic AMP- 
stimulated acid secretion, and similar results have 
been obtained by other workers using isolated 
mammalian stomach and gastric mucosa preparations 
(Fromm et al. 1975; Hearn & Main, 1975; Wan, 
1976). 
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Surugatoxin (SGTX, 0.1-2 pM) reversibly depressed 
orthodromic transmission and antagonized the 
depolarizing action of carbachol on the isolated 
superior cervical ganglion of the rat. The apparent 
dissociation equilibrium constant against 
carbachol-induced depolarization (measured in the 
presence of hyoscine) was 58 and 76nM 
determined at 0.2 and 21M respectively. SGTX 
a ) did not reduce the depolarizing effects of 
a y-aminobutyric acid or angiotensin, 
but did reduce that to 5-hydroxytryptamine. 
Release of |°H]-acetylcholine following repetitive 
(10 Hz) preganglionic sympathetic stimulation was 
maintained in the presence of 2 uM SGTX. It is 
concluded that SGTX has a high and selective 
affinity for ganglionic nicotinic receptors. 


Introduction Surugatoxin (SGTX) is a toxin 
extracted from the Japanese ivory mollusc Babylonia 
Japonica, with a molecular formula C,,H,,N,0,, 
Br.7H,O (molecular weight 810.5) and molecular 
structure as follows (Kosuge, Zenda & Ochiai, 1972): 





Hayashi & Yamada (1975) found SGTX to be a 
potent antagonist of nicotinic agonists in the cat 
superior cervical ganglion and guinea-pig ileum, with 
little effect on skeletal muscle or smooth muscle 
receptors, and concluded that poisoning resulted from 
ganglion-block. 

We have recently investigated the action of SGTX 
on isolated ganglia of the rat and have confirmed its 
high affinity for nicotinic receptors therein. 


Methods Superior cervical ganglia were isolated 
from rats anaesthetized with urethane and were 
maintained in Krebs solution at ambient temperature 
(27—30°C) bubbled with 95% O, and 5% CO, mix- 
ture (Brown, Brownstein & Scholfleld, 1972). Depolar- 
izing responses to agonists were recorded 
potentiometrically by the use of surface electrodes and 
a superfusion technique (Brown & Marsh, 1975). 
Ganglionic action potentials elicited by preganglionic 
nerve stimulation were recorded with a triple-chamber 
bath (Bowery & Tullett, 1975) and capacitor-coupled 
amplification (time-constant 10 seconds). In one 
experiment the triple-chamber bath was also used to 
measure the release of acetylcholine by preganglionic 
stimulation, as ['H]-acetylcholine (see Brown, 
Halliwell, Jones & Quilliam, 1970). The ganglion 
chamber was perfused for 2h with 0.8 uM PH]- 
choline and the subsequent release of tritium by 4 min 
periods of 10 Hz preganglionic stimulation measured. 
[7H]-choline was obtained from the Radiochemical 
Centre, Amersham. Pure crystalline SGTX was a gift 
from Professor T. Kosuge. 


Results SGTX (1 uM) produced a slowly-developing 
block of the response to orthodromic transmission 
(Figure la). Though slower in both onset and decline, 
its effect resembled that of hexamethonium in the 
following respects: (i) the N-wave (synaptic potential) 
was strongly depressed; and (ii) block was intensified 
on raising the stimulus frequency from I Hz to 10 Hz. 

Dose-depolarization curves for carbachol 
(measured in the presence of 2.9 uM hyoscine) were 
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shifted in an approximately parallel manner by SGTX 
(Figure 1b). Apparent dissociation constants 
measured at equilibrium block for SGTX were 58 nM 
(measured from the shift produced by 0.2 uM SGTX) 
and 76nM (measured at 2uM) The apparent 
dissociation constant for hexamethonium against 
carbachol was 7.6 uM (at 10 uM hexamethonium) and 
19.7 uM at 100 uM hexamethonium. SGTX did not 
depolarize the ganglion. 

At a concentration of 24M, SGTX did not 
significantly reduce the depolarizations produced by y- 
aminobutyric acid (GABA, 100 uM), (+}muscarine 
(1 uM), or angiotensin (10 uM), but appeared to reduce 
the response to 5-hydroxytryptamine (50 uM) by some 
44% (Figure Ic). 

In one test, SGTX (24M) did not reduce the 
neurally-evoked release of tritium from a ganglion 
previously labelled with [ H]-choline; in the same 
experiment, release was reversibly suppressed by a 
20 mM[Mg?+], Ca?+-free solution. 


Discussion The present observations confirm the 
high affinity of SGTX for ganglionic nicotinic 


C 
100 


% control 


Figure 1 (a) Effects of hexamethonium (C8) 
and surugatoxin (SGTX) on the amplitude of 
the ganglionic actlon potential in response to 
supramaximal 1Hz, 1ms preganglionic nerve 
stimulation. Ordinates, % of initial amplitude; 
abscissae, time after adding and washing out the 
blocking agent. (b) Depolarizatlons produced by 
1 min applications of carbachol at 30 min intervals in 
the absence and presence of surugatoxin (SGTX). 
Ordinates: depolarization, expressed as % of that 
produced by 100M carbachol In the absence of 
SGTX (@). Absclssae: log molar carbachol concen- 
tration. Each point Is the mean of 4 control 
experiments or of 3 experiments In SGTX solution 
(verticat Iines show standard errors). {c} Depolarizing 
responses to standard concentrations of carbachol 
(100 um, CCh), (+)-muscarine (M, 14M), y- 
aminobutyric acld (G, 100 um), angiotensin (Ang, 
10 pm) and 5-hydroxytryptamine (5-HT, 50 pm) in the 
presence of 2 um SGTX, expressed as % of control 
responses (means and standard errors of 4 ex- 
periments). 


receptors deduced by Hayashi & Yamada (1975) from 
tests on the guinea-pig ileum: its apparent affinity 
constant is at least two orders of magnitude greater 
than that of hexamethonium. The slow decline of 
ganglion block would accord with this. Slow onset is 
unlikely to be due to restricted diffusion per se, since 
SGTX is not a large molecule; rather, it may reflect a 
buffering effect of receptor-binding on the interstitial 
concentration (as with tetrodotoxin: cf. Colquhoun, 
Henderson & Ritchie, 1972), 

There was some suggestion of antagonism to 5- 
hydroxytryptamine; though requiring further quantita- 
tion, this also accords with the observation of Hayashi 
& Yamada (1975) on the guinea-pig ileum. Other 
ganglionic receptors for muscarine, GABA and 
angiotensin appear resistant to SGTX. This, coupled 
with an inability to reduce acetylcholine release, 
suggests that SGTX is a fairly specific ‘competitive’ 
nicotinic ganglion-blocking agent. 

SGTX is of appreciable interest as a ‘neurotoxin’ 
with a selective affinity for ganglionic nicotinic 
receptors. Its uniqueness in this respect is emphasized 
by the fact that the polypeptide snake venoms so 


effective at motor end-plates are generally quite 
inactive at ganglia (Magazanik, Ivanov & Lukom- 
skaya, 1974; Brown, D.A., unpublished 
observations). The action of SGTX highlights the 
distinction between these two types of nicotinic 
receptor. 
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POSSIBLE INFLUENCE OF INTRARENAL 
GENERATION OF KININS ON PROSTAGLANDIN 
RELEASE FROM THE RABBIT PERFUSED KIDNEY 
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1 The effects of bradykinin and kininogen on renal prostaglandin release were studied in rabbit 
isolated kidneys perfused with oxygenated Krebs solution. 

2 The concentration of prostaglandin-like material in kidney effluent was determined by bioassay 
after extraction of the samples with organic solvents. In 7 experiments the samples were assayed after 
separation of prostaglandins E and F by thin layer chromatography. 

3 Addition of bradykinin to the perfusing fluid increased the venous and urinary effluxes of pro- 
staglandin E-like substance by sixfold and fivefold, respectively, but efflux of prostaglandin F-like 
material was unaffected. 

4 Addition of kininogen to the perfusing fluid augmented the venous and urinary release of pro- 
staglandin E-like substances by fifteenfold and ninefold respectively and caused a twofold increase in 
the efflux of prostaglandin F-like material into the venous effluent. 

5 Aprotinin, a kallikrein inhibitor, reduced the prostaglandin releasing action of kininogen but not of 
bradykinin. In contrast, inhibition of prostaglandin synthesis by indomethacin suppressed the release 
of prostaglandin evoked by either bradykinin or kininogen. 

6 This study suggests that augmented release of prostaglandins in response to kininogen ts a 
consequence of renal generation of kinins. Thus, changes in the intrarenal activity of the kalltkrein- 


kinin system may modulate renal prostaglandin release. 


Introduction 


Kinins and prostaglandins of the E series share the 
ability to produce renal vasodilatation, diuresis, and 
natriuresis, and thereby may contribute to the 
regulation of blood pressure, renal blood flow and salt- 
water excretion (Adetuyibi & Mills, 1972; Margoltus, 
Geller, de Jong, Pisano & Sjoerdsma, 1972; McGiff, 
Crowshaw & Itskovitz, 1974; Nasjletti, Colina- 
Chourio & McGiff, 1975a). 

The demonstration that close arterial infusion of 
bradykinin augments the release of E prostaglandins 
into renal venous blood (McGiff, Terragno, Malik & 
Lonigro, 1972) suggested a relationship between blood 
levels of kinins and renal prostaglandin release. A 
relationship between kinins generated intrarenally and 
prostaglandin release depends on the ability of the 
kinin to reach sites of prostaglandin synthesis. Renal 
prostaglandin synthesizing enzymes occur pre- 
dominantly in the medulla (Larsson & Anggard, 1973) 
while kallikrein is located in the cortex Nustad, 1970). 


The present experiments were undertaken to 
investigate the influence of intrarenal generation of 
kinins on the release of renal prostaglandins. 


Methods 
Kidney perfusion 


Male New Zealand white rabbits (2.5—-3.0 kg), 
maintained on a normal diet, were anaesthetized with 
sodium pentobarbitone (25 mg/kg i.v.) and injected 
with heparin (250 units/kgi.v.). After opening the 
abdomen, the left kidney was isolated and perfused as 
described by Regoli & Gauthier (1971). Krebs 
solution of the following composition (mM): NaCl 
118, KCl 4.7, CaCl,.6H,O 2.5, KH,PO, 1.2, 
MgSO, 7H,0O 1.17, dextrose 8.4 and NaHCO, 25.0 
was aerated with 95% O, and 5% CO, and 


?66 J. COLINA-CHOURIO, J.C. McGIFF, M.P. MILLER & A. NASJLETT! 


maintained at 37°C; it was delivered as pulsatile flow 
at constant rate (10 ml/min) by a roller pump. The 
ureter and renal vein of the perfused kidney were 
cannulated with polyethylene tubing and the perfusion 
fluid was not recirculated. A pressure transducer 
(Statham P23DB) was connected to a side arm of 
the arterial cannula and the perfusion pressure 
was recorded on a polygraph (Hewlett-Packard). 
Mean renal perfusion pressure, initially high (range 
120—160 mmHg), fell rapidly to a steady lower level 
(87+4 mmHg) within 3—5 min of starting perfusion. 
The volume of the urinary effluent averaged 
0.96 +0.08 ml/min during the first 10 min of perfusion 
indicating that about 10% of the perfusing fluid was 
excreted. The concentration of sodium, measured by 
flame photometry, was identical in venous and in 
urinary effluents. These observations are consistent 
with the demonstration by Regoli & Gauthier (1971) 
that the Krebs-perfused rabbit kidney does not 
reabsorb sodium nor does it concentrate urine. Ten 
min after starting perfusion the experiments were 
begun and the kidneys were perfused for a further 60 
to 70 minutes. Venous and urinary effluents were 
collected for three or four different periods of 10 min 
each separated by 15 min intervals during which 
neither bradykinin nor kininogen were present in the 
perfusing fluid. The first period was used as a control 
while during the second and third periods bradykinin 
(1-10 ng/ml) or kininogen (0.5—5 mg/ml) were 
alternatively added to the perfusion medium. In some 
experiments the third period was used as another 
control, When the effects of indomethacin (5 ug/ml) or 
aprotinin (250 KIE/ml) were examined, these agents 
were added to the perfusion fluid before starting the 
perfusions and maintained throughout. To investigate 
time-related changes in prostaglandin effluxes, we 
perfused kidneys with Krebs solution alone for 70 min 
and collected samples of venous and urinary effluents 
at 10 min intervals. Kallikrein activity was measured 
in these samples to assess the ability of the perfused 
kidney to release an active kinin forming enzyme. 


Drugs 


The following drugs were used: synthetic bradykinin 
(BRS 640, Sandoz Pharmaceuticals); indomethacin 
(Merck, Sharp and Dohme; aprotinin (Trasylol, 
Bayer) and pentobarbitone sodium (Abbott). Drugs 
were prepared in Krebs solution immediately before 
use. 


Preparation of kininogen 


Canine plasma kininogen was prepared in our 
laboratory as follows: blood from pentobarbitone 
anaesthetized dogs (30 mg/kg, iv.) was collected in 
plastic bottles containing enough sodium citrate and 


exadimethrine to establish concentrations of 
3.1 mg/ml and 0.4 mg/ml respectively. After 
centrifugation (1500 g, 30 min, 4°C) and addition of 
disodium ethylenediaminetetraacetate (EDTA) 
(0.03 M) the mixture was kept at 62°C for 2h and 
centrifuged. The supernatant was cooled to 2~4°C 
and ammonium sulphate was added (1.9 M) followed 
by continuous stirring (1h) and centrifugation 
{1500 g, 30 min, 4°C). The precipitate was dissolved 
in a minimum amount of water and dialyzed against 
distilled water for 48 h (4 changes of water). Following 
centrifugation, the supernatant was acidified with 5 N 
HCl (pH 2.5, 32°C), neutralized (pH 7) 20 min later 
and freeze-dried. The kininogen content of this 
preparation was measured with a substrate exhaustion 
technique (Fasciolo, Espada & Carretero, 1963). One 
mg of the dry material was dissolved in 4.5 ml of 
0.01M phosphate buffer (pH 7.4) containing 
0.15. M NaCl and incubated at 37°C for 15 min with 
either trypsin (0.5 mg) or dialyzed rabbit urine (0.2 ml). 
The enzymatic reaction was terminated by heating in 
boiling water (10 min) and the kinin content of the 
samples assayed by their vasodilator activity in the 
canine hind limb preparation (Nasjletti, Colina- 
Chourio & McGiff, 1975b), using synthetic 
bradykinin as the reference standard. One mg of the 
kininogen preparation had an activity equivalent to 
140 ng of bradykinin. This amount of kinin precursor 
was contained in 0.03 ml of the original plasma. 
Contamination of the kininogen preparation with kinin 
forming enzymes was not likely since kinins were not 
generated when the protein material (10 mg) was 
dissolved in Krebs solution (1 ml) and incubated for 
10 min at 37°C. Similar incubations, carried out in the 
presence of synthetic bradykinin (50 ng) resulted in 
complete recovery of the peptide, which indicates the 
absence of kininases. The kininogen preparation was 
free of renin substrate as indicated by its failure to 
liberate angiotensin when it was incubated with an 
excess of rabbit renin in the presence of angiotensinase 
inhibitors (Nasjletti & Masson, 1969). This was 
expected since inactivation of renin substrate by 
heating and acidification has been reported (Braun- 
Menéndez, Fasciolo, Leloir, Muñoz & Taquini, 1946). 


Determination of prostaglandins 


The content of prostaglandin-like substances in 
venous and urinary effluents of perfused kidneys was 
determined as follows: samples were combined with 
five volumes of acetone, passed through a millipore 
filter and evaporated to 5-10ml under reduced 
pressure at 35°C. This was followed by acidification 
(pH 3.5) with 1 N HCI and extraction (three times) 
with an equal volume of ethyl acetate. The combined 
ethyl acetate phases were evaporated to dryness and 
the residue taken up in 0.5—I mi of saline 
(0.15M NaCl) immediately before bioassay. Total 


prostaglandin-like activity (Table 1, Figures 1 and 2), 
representing a mixture of E and F prostaglandins, was 
bioassayed in terms of prostaglandinE, on rat 
stomach strips superfused with Krebs solution (Vane, 
1969). Values are uncorrected for losses of 15% 
incurred during extraction. 

In seven experiments (Figure 3) the ethyl acetate 
extract was taken up in a minimum amount of 
chloroform-methanol (4:1, v/v), applied as a band to a 
thin layer chromatography plate (Silica gel G plates, 
0.5mm thick, Brinkmann Instruments), and 
chromatographed using the solvent system 
chloroform: methanol: acetic acid (18:2:1, by 
volume). Marker plates, prepared by spotting 10 pg of 
authentic prostaglandins E, and Fa, were run 
concurrently with preparative plates. All plates were 
developed until the solvent had reached 16 cm from 
the origin. The marker plates were visualized by 
Spraying with 10% phosphomolybdic acid in ethanol, 
followed by heating to 100°C for 15 minutes. The Rp 
value of prostaglandins E, and F, were approximately 
0.44 and 0.26 respectively. Zones on the preparative 
plate corresponding to the position of pro- 
Staglandins E, and F»,, the area in between them and 
the remainder of the plate divided into five 2 cm zones 
were scraped off and eluted with chloroform-methanol 
(4:1, v/v). Eluates were dried in N,, reconstituted in 
0.9% w/v NaCl solution (saline), and bioassayed for 
their content of prostaglandin E- and F-like materials 
using prostaglandins E, and Fy, respectively as 
reference standards. Efflux of prostaglandin-like 
material (flow rate x concentration) was expressed as 
nanograms of prostaglandins E, andF2,, equivalent per 
min (ng/min). The values were uncorrected for losses 
incurred on extraction and chromatographic 
purification. In six experiments, after addition of 50 ng 
of authentic prostaglandin E, to 50 ml of venous 
effluent obtained from a kidney perfused with Krebs 
solution containing indomethacin (5 ug/ml), we 
recovered 65 + 6% (s.e.) of prostaglandin-like material. 
The concentration of prostaglandin-like substance in 
the samples was determined by bracket assay on rat 
stomach strips superfused with Krebs solution (Vane, 
1969; Vane, 1971). To provide evidence in support of 
the tentative identification of prostaglandins in the 
samples, a rat colon and a chick rectum were included 
in the assay system. Thus, agreement between 
responses evoked by a sample and a prostaglandin 
standard on the rat stomach strip, rat colon and chick 
rectum, suggests that the myotropic activity of the 
sample is due to a prostaglandin (Vane, 1969). All three 
isolated organs were suspended in glass chambers and 
superfused in series with Krebs solution (3 ml/min, 
37°C) (McGiff et al., 1972). 

Contractions of the tissues were measured by an 
isotonic transducer (model 356 Harvard Apparatus 
Company, Inc.) and recorded on a polygraph (model 
7718, Hewlett-Packard). In the dose range used 
(0.5—5 ng), prostaglandin E, contracted the rat 
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stomach strip and chick rectum, but had little effect on 
the rat colon; whereas prostaglandin Fa contracted 
the rat colon and the chick rectum but had only one 
third the potency of prostaglandin E, in contracting 
the rat stomach strip. The crude ethyl acetate lipid 
extract contracted the three tissues in a manner 
similar, but not identical, to prostaglandin E,. Thus, a 
dose of the lipid extract equivalent to prostaglandin E, 
in evoking contraction of the stomach strip, was 
slightly more effective than prostaglandin E, in 
contracting the rat colon. This discrepancy might be 
explained if prostaglandin E- and F-like material were 
present in the sample. This possibility was confirmed 
after thin layer chromatography of the crude lipid 
extract. Thus, the reconstituted eluate of the plate at 
zones corresponding to the migration of pro- 
staglandins E, and F-a standards contained material 
which contracted all three assay organs in a manner 
indistinguishable from prostaglandins E, and Fa 
respectively. The demonstration of agreement between 
the substances isolated from the ethyl acetate extract 
and authentic prostaglandins E, and Fain terms of 
thin layer chromatographic behaviour and myotropic 
effects on three smooth muscle preparations is 
compatible with the interpretation that the myotropic 
activity of the lipid extract is due to prostaglandins. 
Release of prostaglandins E, and F,, by the rabbit 
kidney has been established unequivocally by Davis & 
Horton (1972) using mass spectrometric analysis. 

All prostaglandins assays were performed in 
duplicate; the difference between duplicate assays of 
45 samples averaged 13.5+2.5% (s.e. mean). 


Determination of kallikrein 


Kallikrein activity in venous and urinary effluents was 
determined by the method of Marin-Grez & Carretero 
(1972), which is based on the determination of the 
amount of kinins formed when an aliquot of sample ts 
incubated with an excess of kininogen. The lyophilized 
substrate (500 mg) was dissolved in 10 ml of a 
solution containing 0.15 M NaCl, 0.001 M 1—10 phen- 
anthroline and 0.003M EDTA. Each incubation 
mixture contained an aliquot of either venous (1 ml) or 
urinary (0.2 ml) effluents, 1 ml of kininogen solution 
and 0.15 M NaC! to a final volume of 3 ml. After 
incubation for 20min at 37°C and pH 7.5, the 
mixture was acidified (pH 5—5.5) and heated in a 
boiling water bath for 5 minutes. Following centrifuga- 
tion, the supernatant was neutralized (pH 7.0) and 
assayed in the canine hind limb preparation with 
synthetic bradykinin as reference standard (Nasjletti, 
et al., 1975b). Kallikrein activity was expressed as 
nanograms of bradykinin equivalents released per 
millilitre of sample per min of incubation 
(ng ml-! min-‘). Kallikrein release (flow rate x 
kallikrein activity), was expressed as nanograms 
of bradykinin equivalents per min (ng/min). The 
specificity of the kallikrein assay was assessed by the 
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demonstration that addition of aprotinin (50 KIE) to 
mixtures of kininogen and urinary effluents (0.2 ml), 
blocks the generation of kinins. All the results were 
expressed as mean + standard error (s.e.). Statistical 
significance was determined by Student’s t-test based 
on unpaired or paired observation (Steel & Torrie, 
1960). A P value of 0.05 or less was considered 
statistically significant. 


Results 


In nine isolated kidneys perfused for 70 min with 
Krebs solution only, the mean release of 
prostaglandin-like substances into the venous and 
urinary effluents at the start of perfusion was 1.9+0.8 
and 2.0+0.6ng of prostaglandin E, equivalents per 
min respectively and did not differ significantly from 
the values obtained in three subsequent observation 
periods (Table 1). Release of kallikrein into the urinary 
effluent was nearly constant throughout the perfusion 
but release into the venous effluent was detected in 
only two out of eight experiments (Table 1). 
Addition of bradykinin to the perfusing fluid to 
establish concentrations of I ng/ml and 10 ng/ml, 
increased the venous efflux of prostaglandin-like 
substances from 1.7+0.6 ng/min and 
1.3+0.3 ng/min to 3.6+0.7 ng/min (P<0.02) and 
9.9 + 2.0 ng/min (P < 0.02) respectively (Figures 1 and 
2). Concomitantly, the urinary efflux of prostaglandin- 
like substances increased from 1.6+0.4 ng/min and 
- 1340.5 ng/min to 3.7+ 1.2 ng/min (P<0.05) and 
10.4+3.4 ng/min (P<0.025) in response to 1 and 
10 ng/ml of bradykinin respectively (Figures 1 and 2). 
Fifteen minutes after termination of bradykinin 
infusion (1 ng/ml), effluxes of prostaglandins into 


Table 1 


Perfusion time 
{min} 0—10 
Prostaglandin release 
into the venous effluent 
(ng/min) (n=9) 
Prostaglandin release 
into the urinary effluent 
(ng/min) (n=9) 
KallikreIn release 
Into the venous effluent 
(ng/min) (n= 8) 
Kallikrein release 
into the urinary effluent 
(ng/min}) (n= 8) 


1.90.8 


2.00.6 


1.9+1.4 


82.5 + 16.0 





(ng/min) 


15r Venous effluent 


Prostaglandin-like substance(s) 





Control Bradykinin 


(ing/m)) 


Kininogen 
{0.5mg/ml) 


Figure 1 The effect of bradykinin and kininogen on 
prostaglandin release in the presence (closed 
columns, n=6) and in the absence (open columns, 
n=11) of indomethacin (5 ug/ml). Vertical lines 
indicate the s.e. mean. Probability level (non-paired 
Student's t-test): *P <0.01. 


venous (1.1 +0.1 ng/min) and urinary 
(1.8+0.6 ng/min) effluents were not different from 
control (1.0+0.2 ng/min, P > 0.6 and 1.9 + 0.4 ng/min, 
P>0.8, respectively; 4 experiments). Additions of 
kininogen to the perfusing fluid to establish con- 
centrations of 0.5 mg/ml and 5 mg/ml, increased the 


Time course of prostaglandin and kallikrein release from rabbit perfused kidneys 


20-30 40—50 60—70 
2.1+0.4* 2.1+0.4* 1.9+0.4* 
1.6+0.3* 1.3+0.3* 1.7 +0.3* 
0.3 +0.3* 1.2 +0.9* 7.4+7.4* 

74.7 + 10.6* 81.5+11.8* 90.1+11.1* 


Results are means+s.e. mean; n=number of experiments. 
Significance of difference from controls (paired Student's t-test): *P>0.1. 
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Figure 2 The effect of bradykinin and kininogen on 
prostaglandin release in the presence (closed 
columns, n=8) and in the absence (open columns, 
n= 6) of aprotinin (250 KIE/ml). Vertical lines Indicate 
the s.e. mean. Probability level (non-paired Student's 
t-test): NS=P>0.05; *P<0.02; **P<0.001. 


venous efflux of prostaglandin-like substances from 
1.7+0.6ng/min. and 1.3+0.3ng/min to 
10.543.0ng/min (P<0.01) and 17.8+2.8 ng/min 
(P<0.005) respectively (Figures 1 and 2). 
Concomitantly, the urinary efflux of prostaglandin- 
like material increased from 1.6+0.4ng/min and 
1.3+0.5 ng/min to 10.3+4.4 ng/min (P<0.05) and 
11.6+ 1.7 ng/min (P< 0.001) in response to the low 
(0.5 mg/ml) and high (5 mg/ml) concentration of 
kininogen respectively (Figures 1 and 2). Fifteen 
minutes after termination of the kininogen infusion 
(0.5 mg/ml), effluxes of prostaglandin into venous 
(1.7+0.4 ng/min) and urinary (2.2+ 1.1 ng/min) 
effluents were not different from control (1.5+ 
0.3 ng/min, P>0O.7 and 1.7+0.4ng/min, P>0.3 
respectively; 4 experiments). 

Addition of indomethacin (5 pg/ml) to the perfusion 
fluid reduced the basal release of prostaglandin into 
venous and urinary effluents by 92% (P<0.01) and 
87% (P<0.01) respectively and prevented the release 
evoked by bradykinin (1 ng/ml) and kininogen 
(0.5 ng/ml) (Figure 1). The kallikrein inhibitor 
aprotinin (250 KIE/ml) did not alter the basal or the 
bradykinin-induced efflux of prostaglandins but 
reduced the effect of kininogen (5 mg/ml) on venous 
and urinary release of prostaglandin-like substances 
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Figure 3 The effect of bradykinin and kininogen on 
the release of prostaglandin E (PGE, open columns) 
and prostaglandin F (PGF, closed columns)-like 
substances from the perfused rabbit kidney (n= 7). 
Vertical lines indicate the s.e. mean. Significance of 
difference from controls (paired Student's t-test}: 
NS=P> 0.06; *P<0.05; **P<0.025; ***P<0.01. 


by 79% (P<0.001) and 77% (P<0.02) respectively 
(Figure 2). 

Figure 3 illustrates the effects of bradykinin 
(10 ng/ml) and kininogen (5 mg/ml) on renal release of 
prostaglandin E- and F-like materials. Bradykinin did 
not affect the release of F prostaglandins but increased 
the venous and urinary efflux of prostaglandin E-like 
substances from 1.3+0.5 and 2.6+0.9 ng/min to 
8.3 + 2.7 ng/min (P < 0.025) and 10.3 + 3.8 ng of pro- 
staglandin E, equivalents per min (P<0.05) 
respectively. Similarly, addition of kininogen to the 
perfusion fluid increased the release of prostaglandin E 
into venous and urinary effluents from 1.3+0.5 
ng/min and 2.6+0.9 ng/min to 20.6+5.4 ng/min 
(P<0.01) and 23.1+7.5 ng/min (P<0.025) 
respectively. This was associated with a small increase 
in the release of prostaglandin F into the venous 
effluent from 1.2+0.3 to 3.3+0.6 ng of prostaglandin 
Fa equivalents per min (P< 0.025). 

In all experiments, neither bradykinin nor kininogen 
affected the renal perfusion pressure (87 +4 mmHg) 
which remained constant until the experiments were 
terminated. 
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Discussion 


Renal prostaglandins are synthesized predominantly 
in the renal medulla (Larsson & Anggard, 1973) and 
released into renal venous blood (McGiff, Crowshaw, 
Terragno & Lonigro, 1970) and urine (Frolich, 
Wilson, Sweetman, Smigel, Niew, Carr, Watson & 
Oates, 1975). Our experiments show that addition of 
bradykinin to the perfusion fluid does not affect renal 
perfusion pressure but increases the renal effluxes of 
prostaglandins by selectively increasing the release of 
prostaglandin E compounds. These results support the 
findings of McGiff et al. (1972) who showed that 
intrarenal arterial infusions of bradykinin, but not of 
eledoisin, augment the concentration of prostaglandin 
E-like substance in the renal venous blood of dogs. We 
cannot explain the failure of bradykinin to produce 
vasodilatation in Krebs perfused kidneys. In a similar 
preparation, Needleman, Kauffman, Douglas, 
Johnson & Marshall (1973) observed slight 
vasodilatation in response to bolus injections (100 ng) 
of bradykinin. The discrepancy may be due to the 
differences in dosage and in the administration of the 
peptide. 

Our demonstration that blockade of prostaglandin 
synthesis with indomethacin (Vane, 1971) causes an 
immediate reduction of prostaglandin efflux is 
consistent with the view that there is no appreciable 
storage of prostaglandins in the kidney (Anggard, 
Bohman, Griffin, Larsson & Maunsbach, 1972). 
Therefore, the increased effluxes of renal pro- 
staglandins in response to bradykinin may be 
accounted for by enhanced release of newly 
synthesized prostaglandins. In the present experiments 
a crude kininogen preparation, devoid of renin 
substrate and of kinin forming enzymes, was shown to 
share with bradykinin the ability to increase renal pro- 
staglandin efflux by selectively enhancing the release 
of E prostaglandins. This observation and the finding 
of a kinin forming enzyme in the urinary effluent of 
perfused kidneys (Roblero, Croxatto, Corthorn, 
Garcia & De Vito, 1973) raise the possibility that the 
prostaglandin releasing action of kininogen is 
mediated by kinins liberated by kallikrein from the 
protein substrate. The demonstration that aprotinin, 
an inhibitor of renal and of urinary kallikrein 
(Nustad, 1970) reduced the effect of kininogen on pro- 
staglandin release supports this view. Alternative ex- 
planations, such as direct effects of either kininogen or 
other plasma proteins contained in the substrate 
preparation on the synthesis, release and inactivation 
of renal prostaglandins are improbable since such 
effects are not likely to be impaired by aprotinin. 
Moreover, a direct impairment by the kallikrein 
inhibitor of the synthesis, release and inactivation of 
prostaglandins is unlikely since in our experiments 
aprotinin affected neither the basal effluxes of pro- 
staglandins nor the augmented release evoked by 


bradykinin. Finally, the possibility that plasmin, an 
aprotinin-inhibited kininogenase whose precursor 
appears to originate in the kidney (Vogel & Werle, 
1968; Highsmith & Kline, 1973) liberated kinins in 
our experiments is unlikely since this enzyme is devoid 
of kininogenase activity when acting upon heated 
kininogen (Vogt, 1964). Kinins generated intrarenally 
may also affect the release of renal prostaglandins in 
intact anumals. Thus, kallikreins synthesized in the 
kidney cortex and presumably secreted in urine at the 
level of the distal tubules, may act on kininogen to 
produce kallidin (ysylbradykinin) which in turn could 
reach the sites of prostaglandin synthesis in the renal 
medulla via the collecting ducts (Nustad, Kirsten 
Vaaje & Pierce, 1975; Scicli, Carretero, Hampton & 
Oza, 1975). This possibility is endorsed by the 
demonstration in urine of free kinins which originate 
intrarenally (Miwa, Erdos & Seki, 1968; Nasjletti et 
al., 1975a) and by the occurrence of kininogen in the 
kidney (Sardesai, 1968; Werle & Zach, 1970), 
Moreover, we have observed that rats receiving daily 
injections of deoxycorticosterone (5 mg) for two 
weeks have an augmented urinary excretion of 
kallikrein and of prostaglandin E-like substances and 
that these effects are prevented by simultaneous 
treatment with aprotinin (100,000 KIU) for four days 
(Colina-Chourio, McGiff & Nasjletti, unpublished 
observation), 

Release of renal prostaglandins in intact animals is 
continuous and may influence renal blood flow 
(Lonigro, Itskovitz, Crowshaw & McGiff, 1973), 
sodium excretion (Lee & Attallah, 1974), renal 
vascular reactivity (Aiken & Vane, 1973), and 
ultimately blood pressure (Colina-Chourio, McGiff & 
Nasjletti, 1975). Similarly, kinins generated 
intrarenally appear to be involved in the regulation of 
renal blood flow and salt-water excretion (Nasjletti et 
al, 1975a; Adetuyibi & Mills, 1972; Marin-Grez, 
Cottone & Carretero, 1972). Contribution of pro- 
staglandins to some of the renal actions of kinins has 
recently been suggested. Thus, in studies using canine 
isolated blood perfused kidneys, the effects of 
bradykinin on renal blood flow and _ free-water 
clearance were reduced by an inhibitor of pro- 
staglandin synthesis (McGiff, Itskovitz & Terragno, 
1975). These observations and the present study, 
suggesting a relationship between intrarenal 
generation of kinins and renal prostaglandin release, 
support the proposal that a functional coupling of 
kinins and prostaglandins within the kidney may be an 
important element in the regulation of renal blood flow 
and salt-water excretion. However, this conclusion 
should be considered provisional until studies in intact 
animals are available. 
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EFFECTS OF CONTRACEPTIVE AGENTS ON 
DRUG METABOLISM IN VARIOUS ANIMAL SPECIES 


G. BRIATICO, G. GUISO, A. JORI & C. RAVAZZANI 
Istituto di Ricerche Farmacologiche ‘Mario Negri’, Via Eritrea 62, 


20157 Milan, Italy 


1 The effect on liver microsomal enzyme activity of three steroid contraceptive drug (SCD) 


combinations was compared in rats, mice and guinea-pigs. Lynestrenol plus mestranol, norethisterone 
plus mestranol and norethynodrel plus mestranol were given orally for 4 consecutive days (acute 
treatment) or 30 days (chronic treatment) at various doses eliciting an experimentally controlled 
antifertility activity which varied in its extent. 

2 In rats and mice all the combined treatments (with the exception of norethynodrel plus mestranol 
in mice) were active as inducers of liver microsomal enzymes. This induction seems to be mediated 
mainly by the progestogenic compounds. Oestrogens showed a very poor effect bordering on 
significance only in a few cases. 

3 No effect on liver microsomal protein or cytochrome P 450 concentration was obtained after 
treatment with doses capable of increasing the microsomal enzyme activity. 

4 The activity of the liver microsomal enzymes did not appear to be reduced immediately (2 h) after 
the last administration of the SCD given during 4 or 30 days. 


5 Contraceptive treatments at doses capable of eliciting complete antifertility activity were inactive 


on liver microsomal enzyme activity in guinea-pigs. 


Introduction 


It has been shown that both endogenous and 
exogenous steroids are metabolized in the liver 
endoplasmic reticulum by the same enzyme system 
responsible for the metabolism of foreign compounds 
(Conney, 1967). There are also extensive reports on 
the effects exerted by steroids on liver microsomal 
enzyme activity and on the interference by these 
hormones with the metabolism of some drugs. 
Particular attention was given in this respect to the 
steroid contraceptive drugs (SCD) in view of their 
widespread use together with other drugs in human 
therapy. Progesterone (Juchau & Fouts, 1966; Tephly 
& Mannering, 1968; Soyka & Long, 1972) and 
progestogen compounds (Soyka & Deckert, 1974; 
Tuttenberg, Hüthwohi, Kahl & Kahl, 1974) have been 
found to be competitive inhibitors for substrates 
metabolized by the mixed oxidases in vitro. More con- 
tradictory results have been obtained in vivo. 
Previous studies from this laboratory (Jori, Bianchetti 
& Prestini, 1969) indicated that chronic treatment 
with steroid contraceptives did not block, but rather 
increase the activity of liver microsomal enzymes in 
rats. Similar inducing effects were obtained by Juchau 


& Fouts (1966) and Rimke & Noordhoek (1969). 

An increase in the metabolism of barbiturates after 
oestrogen and progestogen contraceptive treatment 
was also found in mice (Blackham & Spencer, 1969; 
Garg & Ahmad, 1974). l 

At variance with these results, Freudenthal & 
Amerson (1974) failed to show any induction after 
treatment with synthetic progestogens but on the 
contrary, found a weak inhibition of microsomal drug 
metabolism. An impairment of drug metabolism was 
also reported in women taking oral steroid con- 
traceptives (Crawford & Rudofsky, 1966; O’Malley, 
Stevenson & Crroks, 1972). 

It was therefore of interest to investigate the effect 
of some of the more widely used contraceptive drugs 
on liver microsomal enzyme activities under 
experimental conditions which reproduced the pattern 
of human use. Therefore, we have administered 
chronically for periods covering one or more oestrous 
cycles, combined oestrogens and progestogens in the 
ratios used for contraceptive medication and in doses 
able to produce an experimentally controlled 
antifertility activity in several animal species. 
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Methods 
Animals 


Female Charles River rats weighing 220+ 10g, 
female CD, mice weighing 25+3g, and female PIR 
bright/Z guinea-pigs weighing 350+50g were used. 
The rats and mice were housed in makrolon cages (6 
per cage) and the guinea-pigs in steel rod cages (5 per 
cage). The animals were kept at room temperature 
(22°C) with relative humidity of 60% and with a 
controlled light cycle of 12h (6h 30min to 18h 
30 min). Food and water were given ad libitum. 


Drugs 


The following drug combinations were used: 
norethynodrel plus mestranol, norethisterone plus 
mestranol and lynestrenol plus mestranol. 

The drugs were dissolved in corn oil, given orally 
for a period of 4 days (acute treatment) or 30 days 
(chronic treatment). In the case of guinea-pigs 
treatment lasted 32 days which ts the length of two 
oestrous cycles. 

The doses used in each treatment group are shown 
in the tables. Controls received a corresponding 
amount of corn oil. The oestrous cycle was controlled 
by means of vaginal smears. Animals were killed by 
decapitation 2h (at 17h OO min) or 18h (at 9h 
00 min) after the last SCD administration. The livers 
were removed and immediately frozen and stored at 
—20°C. 

Enzymatic activity was measured on the 9000 g 
supernatant fraction using the experimental conditions 
described by Kato & Takanaka (1967). 

The supernatant was incubated with glucose-6- 
phosphate (50 umol), nicotinamide (50 pmol), NADP 
(1.5 pmol), MgCl, (25 umol), sodium phosphate buffer 
pH 7.4 (0.2 M) and substrates (aniline (5 umol) p- 
nitro-anisole (1,5 umol) and aminopyrine (5 pmol)) to 
a total mixture volume of 5ml. The matabolites 
formed, p-aminophenol, p-nitrophenol and 4-amino 
antipyrine respectively, were determined by the 
method of Gilbert & Golberg (1965). 

Liver microsomes, used for the determination of 
proteins by the method of Lowry, Rosenbrough, Farr 
& Randall, 1951 and of cytochrome P 450 by the 
method of Omura & Sato (1964), were prepared by 
Ca?t precipitation by the method described by 
Schenkman & Cinti (1972). 

The antifertility effect was measured by a bioassay 
as follows: 


Rats: in the acute experiments (4 days=1 oestrous 
cycle) the first dose of the test compound was given on 
the morning of pro-oestrus. At 16h00 min on the 
same day 2 females were caged with 1 fertile male. In 
the chronic experiments (30 days) female rats were 
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caged with males on the 26th day of treatment. In 
both types of experiments, fertilization was confirmed 
by the presence of sperm in the vaginal smears. At 
autopsy, 10 days after the end of treatment, the 
uterine horns were examined for the number of 
implantation sites. 


Mice: the same procedure as used with rats was 
followed for mice with the exception that no attempt 
was made to control their oestrous cycle or to confirm 
fertilitization by the presence of sperm in the vaginal 
smears. 


Guinea pigs: female adult guinea-pigs (65 days old) 
were treated with the contraceptive agents for 33 days 
in order to cover two oestrous cycles. Treatment was 
started 10 days after checking the opening of the 
vaginal membrane. On the second day of treatment 2 
females were caged with 1 male and left together for 
the whole 33 days period. No attempt was made to 
confirm fertilization by the presence of sperm in 
vaginal smears. At autopsy, 25 days after the last 
administration, uterine horns were examined and the 
number of implantation sites recorded. 

Statistical analysis of the averages was carried out 
by Student’s ¢ test. 


Results 


Antifertility activity of the contraceptive drugs in rats, 
mice and guinea-pigs 


In Table 1 the antifertility efficacy of the com- 
bined treatment with lynestrenol + mestranol, 
norethisterone + mestranol and norethynodrel + 
mestranol in the three animal species studied, 
is reported. These data are necessary to establish 
the significance of the steroid contraceptive drug 
dosages on the liver microsomal enzyme activity. 
It should be noted that the efficacy of the con- 
traceptives with the exception of norethy- 
nodrel + mestranol, is similar in rats and mice 
after an acute treatment covering one oestrous cycle 
(4 days). In rats no significant difference appears 
between the chronic (30 days) and acute treatment; in 
mice the results indicate a higher activity of the 
combinations given chronically. In guinea-pigs all the 
contraceptive drugs tested appeared to be more 
effective than in rats and mice, although the 32 days 
chronic treatment covers only two complete oestrous 
cycles. 


Liver microsomal activity in rats and mice during the 
oestrous cycle 


Vaginal smears were examined daily from untreated 
rats and mice for three consecutive oestrous cycles (12 
days). In the experiments with the mice 2 males were 
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confined in a wire basket in the cage containing 10 
females to obtain more regular oestrous cycles 
(Whitten, 1957; Whitten, 1958). Animals with 
anomalous rhythms were eliminated, and those with 
regular four-day cycles were divided into three groups 
of 10 animals each and killed in pro-oestrus, oestrus 
and dioestrus respectively. No differences were 
observed during the various phases of the cycle on the 
metabolic activity of the liver microsomal enzymes in 
vitro or on the levels of cytochrome P 450 (nmol/mg 
protein 0.510 + 0.005; 0.520 +0.008; 0.460 + 0.054 in 
pro-oestrus, oestrus and dioestrus respectively in the 
rat). Therefore, the effect of the treatment with con- 
traceptive steroids was compared in subsequent 
experiments with the activity of a control group 
without taking into consideration the oestrous state of 
the animals. 


Table 1 


Treatment 


(mg/kg per day, orally) 


Effects of treatment with contraceptive drugs on liver 
microsomal enzyme activity in rats 


Acute treatment. The effect of a short period of 
treatment (4 days), corresponding to one oestrous 
cycle, with a large dose of lynestrenol (5 mg/kg) plus 
mestranol (0.3 mg/kg) or of norethisterone (4 mg/kg) 
plus mestranol (0.2 mg/kg) was studied in rats. 
Results of these experiments are shown in Table 2. No 
significant effect on microsomal enzyme activity was 
obtained in rats killed 18h after the last administra- 
tion of the first SCD combination, but treatment with 
the second combination in the same experimental 
conditions significantly increased the enzyme activity 
for the three substrates utilized. 


Antifertility effects of contraceptive drugs on rats, mice and guinea-pigs 


Number of implantation sites (% of controls) 


12 


4 

Lynestrenol (5) 0 
+ mestranol (0.3) 

Lynestrenol (2.5) 45 
+ mestrano} {0.15} 

Lynestrenol (1.25) 45 
+ mestranol (0.075) 

Lynestrenol (0.625) 60 
+ mestranol {0.037} 

Norethisterone (4) 1 
+ mestrano! (0.2) 

Norethisterone (2) 25 
+ mestranol (0.1) 

Norethisterone (1) 39 
+ mestranol (0.05) 

Norethynodrel (4) 5 
+ mestranol (0.006) 

Norethynodrel (2) 31 
+ mestranol (0.03) 

Norethynodrel (1} 56 
+ mestranol {0.015} 


Rat Mouse Guinea-pig 
Days of treatment 

30 4 30 32 

0 0 0 0 
33 6 0 0 
33 32 17.5 0 
68 — — 10 

O 9 6 0 
10 27 9 0 
37 48 10 0 
10 5 O 0 
44 8 1 O 
50 6 0 0 


Groups of 15—20 animals were used for each dose. In control animals the following values were obtained: rats, 
pregnancy rate 86.2%+5-——mean implantation sites 10.5+0.4; mice, pregnancy rate 76.3% +4—mean 
implantation sites 7.6 +0.6; guinea-pigs, pregnancy rate 67.7%+7-—mean implantation sites 2.2 + 0.2. 
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Chronic treatment. Table 3 shows that a significant 
increase in the enzymatic activity for all the substrates 
used appears in each group of rats after 30-day 
treatment with the three combinations when the 
animals were killed 18h after the last SCD 
administration. A dose-effect relationship is present 
for the combination of lynestrenol plus mestranol 
which was tested at three different doses. The 
treatments corresponding to groups II, V and VI 
produced a comparable decrease of fertility in rats. 


Effects of treatment 2h before the animals were 
killed. Results obtained in rats killed 2h after the 
last administration at the end of 4 or 30 day treatment 
with the highest dose of the SCD combinations 
showed that such treatments did not modify the 


activity of the liver microsomal enzymes in 
comparison with the activity of these enzymes in 
control rats. These results, which are not given here in 
detail, indicate that, at least in rats, the inductive effect 
on the liver microsomal enzyme activity produced by 
these contraceptive agents does not appear during the 
first 2 h after the treatment. 


Effects of treatment with contraceptive drugs on liver 
microsomal enzyme activity in mice 


Acute treatment. The effects of acute treatment (4 
days) corresponding to one oestrous cycle with several 
doses of the three SCDs, was studied in mice. The 
data in Table 4 show that lynestrenol plus mestranol 
and norethisterone plus mestranol are very active 


Table 2 Effects of acute treatment with contraceptive drugs on liver microsomal activity in rats 


Treatment 

(mg/kg per day, orally 

for 4 days} Aminopyrine 
Controls 168415 
Lynestrenol (5) 189 +13 

+ mestranol (0.3) 

Norethisterone (4) 326 + 20* 
+ mestranol (0.2) 


Enzymatic activity (nmol g= h + s.e.) 


Aniline PNO, Anisole 
683 +36 532425 
606 +33 498 +27 
787+31* 695+24* 


Each figure represents the mean value for 8 animals. Rats were killed 18h after the 4th day of treatment. 
Enzymatic activity is represented by the metabolites formed, 4-aminoantlpyrine, p-NH, phenol, and p-NO.- 
phenol, respectively from the 9000 g supernatant fraction, corresponding to 640 mg of fresh liver, 


*P<0.01 versus controls. 


Table 3 Effects of chronic treatment with contraceptive drugs at various dose levels on liver microsomal 


enzyme activity In rats 


Treatment (mg/kg per day) 


Group No. of animals orally for 30 days) 
| 10 Controls 
[| 10 Lynestrenol (1.25) 
+ mestrano! (0.075) 
HI 10 Lynestrenol (2.5) 
+ mestrano!} (0.15) 
IV 10 Lynestrenol {5) 
+ mestranol (0.30) 
V 7 Norethisterone {2) 
+ mestranol (0.1) 
VI 7 Norethynodrel (2) 
+ mestrano! (0.03) 


Enzymatic activity (nmol g~* h-'+s.e.) 


Aminopyrine Aniline pNO, Anisole 
230425 667+68 615+46 
379+29* 8294+457 803 + 34* 
485 +33* 977+35* 876+ 34* 
§30+24* 1100+41* 8924 28* 
435+36* 1233 +36* 794438" 
324 + 20* 1081 +49* 738+27* 


Animals were killed 18h after 30th day of treatment. The experimental conditions were as described in 


Table 2. 
*P<0.01 versus controls. 
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Table 4 Effect of acute treatment with contraceptive drugs on liver microsomal enzyme activity in mice 


11100 


Treatment (mg/kg orally} 


daily x 4 days 


Contrals 


Lynestrenol 
+ mestranol 


Lynestrenol 
+ mestranol 


Norethisterone 
+ mestranol 


Norethisterone 
+ mestrano!l 


Norethisterone 
+ mestranol 


Norethynodrel 
+ mestranol 


Norethynodrel 
+ mestranol 


Norethynodrel 
+ mestranol 


(5) 
(0.3) 


(1.25) 
(0.075) 


(4) 
(0.2) 


(2) 
(0.1) 


(1) 
(0.05) 


(4) 
(0.06) 


(2) 
(0.03) 


(1) 
(0.015) 


Enzymatic activity (nmol g hœ + s.a.) 


Aminopyrine 


392 +21 
707 +27* 


609 + 18* 


686 +34* 


608 + 39* 


473421" 


335+ 9 


432 +25 


389 +57 


Experimental conditions are described In Table 2. 
*P<0.01 versus controls; ** P<0.05 versus controls. 


Aniline 


626 +22 
1034+ 112* 


885 +67* 


828 +33* 


863 + 22* 


709+21** 


511+23 


672 +28 


567 +66 


PNO, Anisole 


8214+16 
1337 + 34* 


1181+ 4* 
1069 + 58* 
1092 + 30* 
922 +20** 
721442 
812+29 


713475 


Table 5 Effect of mestranol and lynestrenol on microsomal enzyme activity In rats and mice 


Animal 
species 


Rat 


Mouse 


Treatment 


(mg/kg per day, 


orally) 


Controls 
Mestrano! 
Lynestreno!l 
Lynestrenol 
+ mestranol 
Controls 
Mestranoi 
Lynestrenol 


Lynestrenoi 
+ mestranol 


(0.3) 
(5) 


(5) 
(0.3) 


(0.3) 
(5) 


(5) 
(0.3) 


Enzymatic activity (nmol g` hœ + s.e.) 


No. of 
days Aminopyrine 
243411 
30 282+20 
30 345 +23* 
30 530 +24* 
416+20 
4 5434+14" 
4 593 + 18* 
4 707 4+27* 


Aniline 


790+62 
837+48 


1135+ 126* 


1100+41* 


916+34 
7744+89 
916+69** 


1034 +112* 


pNO, Anisole 


501 + 40 
691+51* 
819+ 36* 
892 + 28* 


1039 + 40 
1033+35 


1303 + 86** 


1337 + 34* 





Each figure is the mean of 5 determinations. The animals were killed 18h after the 4th administration. 


Each figure is the mean from at least 6 animals. Animals were killed 18 h after the last treatment. Experimental 
conditions as described in Table 2. 
** P<0.05 versus controls. 


*P<0.01 versus controls: 
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inducers of microsomal enzymes even at the lowest 
doses tested. This effect appears in mice as in rats, at 
doses that do not exert a complete antifertility action. 

On the other hand, combined treatment with 
norethynodrel and mestranol did not affect micro- 
somal activity in mice. This SCD combination 
was also inactive at effective antifertility doses when 
given for a period of 30 days. 


Comparison between the effects of oestrogen and pro- 
gestogenic compounds on microsomal enzyme activity 
in rats and mice 


The following experiment was performed to test 
whether the inducing effect exerted by the con- 
traceptive combination is dependent on the oestrogen 
or progestogenic compounds or on both. Rats and 
mice were treated for 30 and 4 days respectively, with 
lynestrenol and mestranol at the highest dose (5 and 
0.3 mg/kg orally) used in the combined treatment in 
the previous experiments. The results are given in 
Table 5 and show that a significant increase in drug 
metabolism in vitro was always obtained when 
lynestrenol was present in the treatment. The effect of 
the mestranol is lacking or at the border line of 
significance. The data reported here suggest that the 
induction produced by the drug combination of 
lynestrenol plus mestranol is probably dependent only 
on the activity of the progestinic compound, 
lynestrenol as far as the aromatic hydroxylation and 
O-demethylation reactions are concerned. For the 
aminopyrine demethylation a synergistic effect of the 
two steroids cannot be excluded. 


Effects of SCDs on liver weight, microsomal proteins 
and cytochrome P 450 concentration in rats and mice 


After combined treatments with lynestrenol and 
mestranol at doses capable of producing a significant 
induction in the liver microsomal enzyme activity of 
rats and mice, neither liver enlargement, nor an 
increase in liver micosomal proteins and cytochrome 
P 450 concentration were observed. The only 
significant observation was a reduction in body weight 
gain in the rats treated daily for 30 days with the 
highest dose of the combined treatment (Table 6). 


Effects of chronic treatment with SCDs on liver 
microsomal enzyme activity in guinea-pigs 


The effect of the contraceptive drugs on liver 
microsomal enzyme activity in guinea-pigs was 
studied after a 32 day treatment, a period which 
corresponds to two oestrous cycles in this animal 
species. The results shown in Table 7 indicate that 
lynestrenol plus mestranol and norethisterone plus 
mestranol treatment at doses that are effective in 
reducing fertility in this species did not significantly 
modify the activity of the liver microsomal enzymes. 
However, the guinea-pigs were sensitive to the 
inducing activity of other drugs known to stimulate 
microsomal drug metabolism, such as phenobarbitone 
and eucalyptol. 


Table 7 Effect of combined treatment with contraceptive drugs on liver microsomal enzyme activity in 


guinea-pigs 


No. of Treatment (mg/kg) No. of 
animals and route days 
10 — Controls 
5 — Lynestreno! (0.3} oral 32 
+ mestranol (0.018) 
10  Lynestrenol (1.25) oral 32 
+ mestranol (0.075) 
5 _Lynestrenol (5) oral 32 
+ mestranol (0.3) 
5  Norethisterone (4) oral 32 
+ mestranol (0.2) 
Phenobarbitone (80) ip. 2 
Eucalyptol (500) s.c. 3 


Enzymatic activity (nmol g h**+5s.e.) 


Aminopyrine Aniline pNVO, Anisole 
302 +28 767437 1592+ 132 
374 +47 843 +35 1704 + 67 
SITt27 627+23 1596 + 88 
304+ 19 565 + 14 1599 +17 
331+18 8124+49 1511482 
985 + 153* 1195+ 76* 2836+ 281* 
769 +44* 847+43 2188+ 104* 


The activity was measured on the supematant of the 9000g fraction of the liver homogenate corresponding 
to 320 mg of fresh tissue. Experimental conditions as described In Table 2. 


*P<0.01 versus controls. 
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Discussion 


The results described here, confirm our previous data 
(Jori ef al., 1969) and indicate that the three SCD 
treatments tested enhance, although to various 
extents, the activity of the liver microsomal enzymes 
in rats and mice. This effect is probably produced by 
the progestogenic compounds alone, because, at least 
for one of the combined treatments tested in two 
animal species, the oestrogen alone is almost devoid of 
activity. These results agree with those previously 
obtained by our laboratory (Jori et al, 1969) and 
by other authors (Blackham & Spencer, 1969), 
concerning the effect of oestrogens on drug 
metabolism in vivo and in vitro. However a 
potentiating effect of the oestrogens on the activity of 
the progestogens cannot be excluded at least for some 
substrates. 

We were unable to detect any decrease in the 
activity of the liver microsomal enzymes after 
combined contraceptive treatments in mice and rats. 
The inhibition of drug metabolism by the progestogens 
was generally found in experiments in vitro and at 
very high concentrations (Soyka & Long, 1972; 
Tuttenberg et al., 1974). In vivo only norethynodrel 
has been reported to inhibit pentobarbitone meta- 
bolism (Juchau & Fouts, 1966; Jori ef al, 1969), 
after a single acute treatment. All these situations are 
quite different from the conditions of the in vivo 
chronic treatment used in our experiments. 

The increase in liver microsomal enzyme activity 
after contraceptive drug treatment in mice and rats, is 
not associated with an increase of the microsomal 
proteins or of the cytochrome P450 content, 
parameters generally indicative of enzyme induction. 
These results are not surprising because other steroids 
such as methyltestosterone, cortisone and spirono- 
lactone stimulate drug metabolism in female 
rats without increasing the cytochrome P 450 content 
(Hamrick, Zampaglione, Stripp & Gillette, 1973). 
Moreover these authors stated that the rate of drug 
metabolism is determined by factors which cannot be 
directly related to cytochrome P 450 content, cyto- 
chrome reductase activity and magnitude of 
spectral changes. 

Our data are at variance with the findings of, 
Freudenthal & Amerson (1974) who showed that 
oestrogen—progestogen combinations are not micro- 
somal enzyme inducers. Possible explanations 
for these differences are the following: first their 
conclusions are based mainly on the lack of an 
increase in P 450 content and in other components of 


the microsomal electron transport system, after pro- 
gestogenic treatment; second, they used male rats and 
it has been reported that other steroids increase 
microsomal metabolism only in female rats (Stripp, 
Hamrick & Zampaglione, 1970; Hamrick et al. 
1973); finally, in their experiments the chronic 
treatment was repeated for only 4 days. In our 
experiments contraceptive treatment was always 
active in mice after a few administrations whereas 
rats, at least for lynestrenol plus mestranol com- 
bination, needed a chronic treatment of more than 
4 days to show a significant inducing effect. 

However, our aim was to study the activity of liver 
microsomal enzymes, in experimental conditions 
reproducing as closely as possible, the pattern of use 
of the contraceptives in human therapy and 
consequently for periods covering more than one 
oestrous cycle. An objection could be raised that the 
modifications in microsomal enzyme activity 
produced by the various treatments are present only at 
very high doses as compared with those used in 
human contraceptive treatment; but it must be noted 
that in fact, the doses used are very low in relation to 
the antifertility effect exerted by such treatment in rats 
and mice. A significant increase in enzymatic activity 
appears at doses unable to protect all the animals from 
pregnancy. 

The reactivity of the guinea-pigs to the con- 
traceptive combined treatments is quite different from 
that of mice and rats. This animal species is very 
sensitive to the antifertility action of the contraceptive 
drugs, but is is unresponsive to their microsomal 
enzyme-inducing activity. It is difficult to explain this 
lack of response on the basis of a poor availability or a 
different kinetic behaviour of the progestogenic 
compounds in this animal species because they exert 
at these doses a high antifertility action, although a 
more specific distribution of the steroids in the target 
reproductive organs compared with the liver cannot be 
excluded in this species. 

However, it may be more likely that this different 
reactivity of the guinea-pig is due to the widely 
recognized species differences in microsomal drug 
metabolism (Parke, 1968). Differences between mice 
and guinea-pigs in biochemical composition and 
enzyme distribution in microsomal sub fractions have 
been reported recently (Gram, Schroeder, Davis, 
Reagen & Guarino, 1971). 


We are indebted to Dr A. Bonaccorsi and Dr R. Franco for 
the data on the antifertility activity of the contraceptive 
drugs obtained by their laboratory. This study was 
supported by NIH contract No. NIH-NICHD-72-2733. 
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MYOCARDIAL DIGOXIN UPTAKE: 


DISSOCIATION BETWEEN DIGITALIS-INDUCED . 
INOTROPISM AND MYOCARDIAL LOSS OF POTASSIUM 


EVA STEINESS' & N. VALENTIN 


Department of Pharmacology, Department of Medicine B and Department of Thoracic Surgery R, 
Division of Cardiac Surgery, Rigshospitalet, University of Copenhagen, Denmark 


1 The time course of myocardial uptake of digoxin, of increase in inotropic effect and of changes in 
myocardial potassium content were studied following a single intravenous dose of digoxin. 

2 Nineteen dogs with intact circulation were investigated by the use of a biopsy technique which 
allowed samplings before and 10, 30, 60, and 90 min after administration of digoxin. 

3 The myocardial concentration of digoxin was 196 x 10-° mol/kg 10 min after administration of 
digoxin. Uptake continued at a slower rate, maximum concentration being 293 x 10-? mol/kg at 60 
minutes. 

4 The inotropic effect increased parallel with the uptake of digoxin; 10 min after digoxin, con- 
tractility was 127% of the control value and this increased to 139% at 90 minutes. 

5 Myocardial potassium content was slightly increased 10 min after digoxin, suggesting an initial 
stimulation of membrane Nat-K* ATPase. A subsequent significant fall in the myocardial potassium 
content probably reflects ATPase inhibition. 

6 The temporal dissociation between the early onset of the positive inotropic effect and the delayed 
inhibition of membrane Nat-Kt+ ATPase indicates that inotropism of digitalis glycosides is not 


mediated by the same binding site as that responsible for inhibition of Nat-K*+ ATPase. 


Introduction 


It is well established that digitalis glycosides increase 
the force of myocardial contractility but the 
mechanism of this action is still unknown. 

In 1953 Hajdu advanced the hypothesis that 
digitalis-induced inotropism is related to an inhibition 
of membrane Nat-K*+ ATPase. Evidence supporting 
this concept was recently reviewed by Langer (1972). 
He concluded that the positive inotropic effect of 
digitalis is not seen, unless inhibition of the ATPase 
enzyme is also observed. However, his arguments 
were based on studies performed with relatively high 
concentrations of digitalis either on isolated, perfused 
heart preparations or on isolated myocardial muscle 
preparations. Studies of the isolated Nat-K+ ATPase 
enzyme have revealed that low concentrations of 
digitalis stimulate enzyme activity while higher con- 
centrations inhibit it (Lee & Yu, 1963; Palmer & 
Nechay, 1964; Oppelt & Palmer, 1966). Stimulation 
of Nat-K+ ATPase increases intracellular potassium 
while enzyme inhibition leads to reduction in 
potassium content. This biphasic interaction between 


1 Present address: Department of Pharmacology, University 
of Copenhagen, Juliane Maries Vej” 20, DK-2100 
Copenhagen, Denmark. 


digitalis and Nat-K+ ATPase and its relation to 
myocardial performance and uptake of digoxin have 
not been studied in intact animals. 

The present study, using a biopsy technique 
allowing serial samplings from the same myocardium 
was undertaken in order to follow the temporal uptake 
of digoxin by the intact canine heart and to correlate 
this with the inotropic effect and changes in 
myocardial potassium. 


Methods 


Nineteen dogs weighing 18.5—25 kg were divided into 
three groups. Group 1: Eight dogs were given digoxin 
and serial myocardial biopsies were taken. Group 2: 
Seven dogs were given digoxin but biopsies were taken 
only at the end of the study. The group served as a 
control for haemodynamic parameters. Group 3: Four 
dogs received no digoxin and served as a control for 
the entire experimental procedure. 


Experimental procedure 


Anaesthesia was induced with 300—500 mg of narco- 
barbital (Narcodorm). After relaxation with tubo- 
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curarine, orotracheal intubation was performed and 
the animal was connected to a respirator (Bird Mark 
10) via a ventimeter (Airshield V-2) to ensure constant 
ventilation. Anaesthesia was maintained with N,O/O, 
(fow 3 and 1.51/min, respectively) in a to-and-fro 
system. The anaesthetic together with pethidine (10 
mg/kg), given once or twice an hour when needed, 
abolished pain reflexes and only when absence of pain 
had been assured was (+)-tubocurarine (10 mg i.v.) 
given to relax the chest and so facilitate the operative 
procedure. 

The heart was exposed through a left-sided anterior 
thoracotomy. The left atrium was catheterized 
through the auricle for pressure recording and blood 
sampling. Retrograde catheterization of the left 
ventricle was performed with a catheter of the pig tail 
type. Atrial and ventricular pressures were measured 
by the use of Elema Schénander transducers (type 
EMT 35) (resonant frequency (Fp) of the catheter 
transducer system = 20Hz and damping factor 
(B)=0.2). The first derivative of the ventricular 
pressure curve, was obtained by means of a 
differentiating unit with a cut-off frequency of 338 Hz 
(King & Searle, 1972). Since completing these studies, 
similar results were obtained using a catheter with an 
Fp of about 35 Hz, J of 0.7 and a cut off frequency of 
the differentiating unit of about 600 Hz (N.E. Bille- 
Brahe, E. Steiness & N. Lomholt, unpublished 
observations). , 

The haemodynamic parameters and a standard 
limb lead of the ECG were displayed simultaneously 
on an Elema Schönander multichannel recorder 
(Mingograf 81). 

When haemodynamic stability was reestablished 
(usually after 10—15 min), pethidine and tubocurarine 
were discontinued and halothane was added to the 
anaesthetic mixture in a concentration (0.5—0.7%) 
sufficient to cause 20—50% depression of the initial 
dp/dt maxs 60 min were allowed for stabilization at this 
new level before digoxin, 0.05 mg/kg body weight, was 
given as an intravenous bolus injection. 


Blood samples 


Heparinized arterial blood samples were drawn before 
and 5, 10, 15, 20, 30, 45, 60, 75, and 90 min after the 
injection of digoxin for measurements of plasma con- 
centrations of digoxin, sodium, and potassium. 

Arterial Po, Peo, and pH were determined before 
and 10, 30, 60, and 90 min after the administration of 
digoxin. 


Biopsies 


A knife biopsy weighing 200-400 mg was taken from 
the left ventricular wall 15 min before the administra- 
tion of digoxin in all dogs. Great care was taken to 
avoid cutting coronary vessels. The myocardial 
incision was closed with a continuous silk suture. In 


group | and 3, myocardial biopsies were again taken 
at 10, 30, 60, and 90 minutes. In group 2, a biopsy 
was taken again at 90 min only. 

Any blood loss, including sampling, was replaced 
with an electrolyte-containing plasma expander 
(Haemaccel), and the estimated loss of water by 
evaporation was replaced with isotonic glucose. 

All the animals were finally killed with intravenous 
narcobarbital. 


Analytical procedures 


Plasma digoxin concentrations were measured in 
duplicate by radioimmunoassay (Steiness, 1974). 

Plasma potassium and sodium were determined in 
duplicate by flame photometry (Instrumentation 
Laboratory 143). Blood gases and pH were measured 
with a Radiometer. 

The myocardial biopsies were divided into four 
pieces, one of which was used for determination of 
digoxin and the others for measurement of potassium. 

The tissue content of digoxin was estimated by the 
cited radioimmunological method, following homo- 
genization in 0.9% w/v NaCl solution (saline) 
and extraction with dichloromethane (Steiness, 1974). 
The sensitivity of the method used was 10x 10-9 
mol/kg tissue. The recovery of known amounts of 
digoxin added to the myocardial homogenates 
averaged 95% (s.d.=+6%) between 50 and 1000 
mol x 10-9/kg tissue. 

Tissue content of potassium was determined in 
triplicate with a s.d. of 19 mmol/kg fat-free tissue 
according to Valentin & Olesen (1973). Briefly, the 
specimens were weighed before and after drying and 
after extraction of fat to determine the content of 
water and fat-free solids. The tissue content of 
potassium was measured following extraction with 
nitric acid and expressed in mmol/kg fat-free solids. 


Statistics 


The Wilcoxon test for paired data was used for the 
determination of statistical significance. 


Results 
Digoxin 


After injection, similar plasma digoxin curves were 
obtained in groups 1 and 2 (Figure 1). Plasma con- 
centrations continued to fall throughout the study. 
Left ventricular digoxin concentration increased 
after intravenous injection and reached a median value 
of 67% of the maximum median value within 10 min 
(Table 1). A significant uptake continued beyond the 
first 10 min, since the median value was significantly 
higher after 60min than after 10 min (P<0.02, 
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Figure 1 Plasma digoxin concentrations (median) in dogs following an intravenous dose of 0.05 mg 
digoxin/kg body weight. The vertical lines represent the ranges. 


group 1). The peak myocardial digoxin concentration 
was reached between 30 and 90 min (Figure 2). 
No significant difference between groups 1 and 2 was 
found in the myocardial content of digoxin at 90 
minutes. 


Electrolytes 


Only minor changes in plasma potassium were 
observed and plasma concentration of sodium 
remained unchanged throughout the study. The 


Table 1 Myocardial digoxin concentration (mol x 10-%/kg tissue and In parentheses pg/kg tissue) in dogs 
following an intravenous injection of 0.05 mg digoxin/kg body weight 





Minutes after digoxin 
Group 0 10 30 60 90 
1 Median 0 196 (154) 228 (179) 293 (230) 237 (186) 
n=8 Range 166—284 189—376 136—385 150-467 
2 Medlan ae ees = — 226 (177) 
n=7 Range 188-406 


Table 2 Myocardial potassium content (mmol/kg fat-free sollds) in dogs following Intravenous administra- 
tion of 0.05 mg digoxin/kg body weight 


Minutes after digoxin 
Group 0 10 30 60 90 
1 Median 375 387 365 353 358* 
n=8 Range 340—462 350-475 273-431 330-427 334—402 
2 Median 383 — _ — 357* 
n=7 Range 351-429 321—408 
3 Median 318 300 307 327 321 
n=4 Range 250-341 277—300 268—396 286—361 266-394 


* The pooled values for groups 1 and 2 were significantly lower at 90 min than at O min (P<0.01). 
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£\Myocardial digoxin 
(mol x 10'/kg tissue) 
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(mEq/kg fat-free tissue) Adp/dt (%) 
-+ 
Si 
Table3 Left ventricular contractility {dp/dt mą, } following intravenous administration of 0.05 mg digoxin/kg body weight 


Time (min) 


4A\Myocardial potassium 


Figure 2 Median values of (a) myocardial digoxin 
concentration, (b) left ventricular contractility 
(dp/dt,,9,), and (c) myocardial potasslum In dogs 
following an intravenous injection of digoxin (0.05 
mg/kg body weight). The dp/dt values are from group 
2 (no cardiac surgery between O and 90 min, the 
other data from group 1. 


anaesthetic and experimental procedures themselves 
caused no change of the plasma concentrations of 
potassium and sodium. 

Following a slight initial increase (insignificant) the 
median myocardial potassium concentrations 
decreased during the study period (Table 2). 
Myocardial potassium concentrations were similar in 
groups 1 and 2 before administration of digoxin and 
both groups showed a similar reduction at 90 minutes. 
By contrast the experimental procedure itself caused 
no change in the myocardial potassium, although the 
zero level of myocardial potassium was, for unknown 
reasons, significantly lower in group 3 than in groups 
I and 2. 


Haemodynamic parameters 


As shown in Table 3, left ventricular dp/dt,,,. 
increased during the first 10 min in both groups | and 
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2. In group 1 dp/dt,,,, tended to fall after each biopsy 
and the slight increase at 90 min was insignificant. In 
group 2 there was a similar rapid increase in contrac- 
tility (Table 3), but in these animals in contrast to 
those of group 1, peak dp/dt,,,, remained stable after 


10 minutes. 
Other haemodynamic parameters, left ventricular 


systolic and end-diastolic pressures, left atrial mean 
pressure and heart rate remained unchanged during 
the study. 


Blood gases 


Arterial Po, Peco, and pH did not change 
significantly during the study. 


Discussion 


Previous studies of myocardial digoxin uptake have 
been performed either on isolated muscles (Prindle, 
Skelton, Epstein & Marcus, 1971) or using intact 
animals, which were killed at different times after the 
administration of digoxin (Cohn, Kleiger & Harrison, 
1967; Deutscher, Harrison & Goldman, 1972; 
Goldman, Deutscher, Schweizer & Harrison, 1972; 
Hopkins, Lloyd & Taylor, 1974). Most measurements 
were performed at 30 to 60 min after the administra- 
tion of digoxin, when a myocardial digoxin of about 
200—300 mol x 10~°/kg tissue was found. 

Deutscher ef al. (1972), Goldman et al. (1972) and 
Hopkins et al. (1974) studied myocardial uptake as 
early as 5 to 15 min after administration of digoxin in 
a small series of intact dogs and found, even at these 
times, a high myocardial content of digoxin. However, 
individual variations in the digoxin content were large. 
These methods require one animal for each determina- 
tion and are poorly suited for study of the temporal 
pattern of uptake. 

With the sequential biopsy technique used in this 
study it was shown that the myocardial digoxin con- 
centration was high 10 min after injection, confirming 
the results of Deutscher et al. (1972), Goldman et al. 
(1972), and Hopkins et al. (1974). In addition a 
significant uptake of digoxin was shown to continue 
for at least 60 min after administration. A tendency 
towards a fall in myocardial digoxin content between 
60 and 90 min perhaps reflects the early phase of 
elimination from tissues (Figure 2). 

Immediately after intravenous digoxin, plasma con- 
centrations were high. However, even at 5 min the 
plasma concentration was lower than the total 
myocardial content at 10 minutes. Plasma protein 
binding in dogs is less than in humans, being 15 and 
25%, respectively (Steiness & Rasmussen, un- 
published data), and the total extracellular space of 
the myocardial tissue amounts to approximately 30% 
tissue weight (Glitsch, 1972). Consequently, less than 
10% of the myocardial digoxin content at 10 min was 
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present in the extracellular myocardial fluid. In 
conformity with other papers dealing with this subject, 
the total myocardial digoxin content has, therefore, 
been given without correction. The present investiga- 
tion, in agreement with studies of the subcellular 
fractions of myocardial digoxin (Conrad & Baxter, 
1964; Dutta, Goswami, Lindower & Marks, 1968) 
suggests that the myocardial uptake takes place by 
rapid active cellular transport. 

A significant positive inotropic effect was 
demonstrated 5 min after intravenous administration 
of digoxin to dogs with a controlled and stable 
anaesthetic cardiodepression. The increase of the 
positive inotropic effect continued from 5 to 10 min 
and in accordance with the results of Deutscher et al, 
(1972) and Goldman et al. (1972) we were unable to 
demonstrate further significant increases of the 
contractility after 15 minutes. 

A transient decrease of dp/di,,.,, was observed after 
a biopsy. The myocardial uptake of digoxin and the 
changes of myocardial potassium content (group 1) 
are therefore compared to the haemodynamic 
parameters from the series not subjected to repeated 
biopsy (group 2). The two groups are comparable 
since no significant difference was found between the 
plasma digoxin curves (Figure 1), the myocardial 
content of potassium before and 90 min after digoxin 
(Table 2), or the myocardial content of digoxin 90 min 
after digoxin (Table 1). 

The development of the positive inotropic effect 
during the first 10 min seemed related to the 
myocardial uptake of digoxin. On the other hand, the 
myocardial digoxin content continued to increase up 
to 60 min without a corresponding increase of the 
positive inotropic effect (Figure 2). The digoxin uptake 
between 10 and 60 min may, therefore, not be 
correlated to further digoxin binding at the binding 
sites responsible for inotropic effect. 

It is well established that digitalis glycosides inhibit 
the active Nat-K* transport across the cell 


. membrane, causing a decrease of the intracellular 


potassium content. In accordance with this well- 
described phenomenon, a loss of myocardial 
potassium was observed between 30 and 90 min after 
administration of digoxin, while no significant change 
was observed at 10 minutes. The results suggest a 
possibility of a change of the myocardial content of 
potassium following an intravenous digoxin dose. 
Such a possibility would accord with the results from 
studies of the effect of digitalis on the isolated Nat-K+ 
ATPase enzyme (Lee & Yu, 1963; Palmer & Nechay, 
1964; Oppelt & Palmer, 1966). On the other hand, 
measurements of the myocardial cellular influx and 
efflux of potasstum have revealed that whereas low 
doses of digoxin inhibit the potassium efflux more than 
the corresponding potassium influx and thereby 
increase the cellular potassium content; higher doses 
of digoxin inhibit the potassium influx more than the 
corresponding efflux and thereby reduce the cellular 
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content of potassium (Grupp & Charles, 1964). The 
initial minor increase (non-significant) of the 
myocardial content of potassium observed in the 
present study could be due to either a greater initial 
inhibition of the potassium efflux than that of 
potassium influx, or an initial stimulation of the 
ATPase. 

The positive inotropic effect was demonstrated 
shortly after intravenous administration of digoxin, 
and a near maximum effect was reached by 10 min, 
when the myocardial concentration of digoxin was 
high. At the same time, evidence of low ATPase 
digoxin binding was demonstrated. Subsequent 
binding of digoxin at the ‘ATPase binding site’ was not 
followed by a major increase of the positive inotropic 
effect. 

These observations suggest that the positive 
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ON THE DECREASE OF MYOCARDIAL 
OXYGEN CONSUMPTION INDUCED BY CHLORACYZINE 
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Moscow Medical Institute and School of Medicine in Haifa, P.O.B. 9649, israel 


ł The effects of chloracyzine (2-chloro-10-(3-diethylaminopropionyl)-phenothiazine hydro- 
chloride; antianginal drug) on myocardial oxygen consumption were studied in open-chest cats and 
cat isolated hearts using oximetry and polarography respectively. 

2 It was found that chloracyzine produced a decrease in myocardial oxygen consumption 
accompanied by a reduction in coronary blood flow preceded by transient coronary dilatation. 
Chloracyzine produced an insignificant increase in arterial pressure; heart rate increased slightly in the 


open-chest experiments but not in the isolated heart. 


3 It is suggested that reduced oxygen uptake after chloracyzine is realized through improved 


efficiency in the use of oxygen. 


Introduction 


The use of f-adrenoceptor blocking agents for the 
treatment of angina pectoris emphasizes the 
importance of reduction of cardiac oxygen 
expenditure in relief of this disease. Decrease of 
compensatory sympathetic drive after propranolol and 
hence of heart work, often results in heart failure in 
patients who are on the border-line of it. Reduction of 
the myocardial demand for oxygen, without reducing 
heart activity was found in our studies of 2-chloro-10- 
(3-diethylaminopropionyl)-phenothiazine hydro- 
chloride (chloracyzine), synthesized and investi- 
gated at the Moscow Institute of Pharmacology 
(Vikhijaev & Kaverina, 1959; Zhuravlev, Gritsenko & 
Ermakova, 1968). It was shown to have spasmolytic 
properties and prevent or relieve spasms of the 
coronary vessels, on which grounds it was proposed 
as an antianginal drug. Besides its effect on the 
coronary vessels, it exhibits an atropine-like activity, 
some ability to increase arterial pressor responses to 
catecholamines, and a moderate antihistaminic effect. 
It has been marketed in the USSR for many years, 
and used for the treatment of angina pectoris. 

In the course of a systematic survey of the effect of 
different antianginal drugs on myocardial oxygen 
consumption, chloracyzine was found to have 
particularly interesting properties in this respect. This 
paper is concerned with its effect on the oxygen 
balance of the heart. 


Methods 


Open-chest cat 


The experiments were performed on cats weighing 
3—4 kg, anaesthetized with pentobarbitone (40 mg/kg, 


i.v.) and respired with a pump. The heart was exposed 
through a left thoracotomy, heparin (1,500 iu/kg) 
being used as anticoagulant. Arterial pressure was 
recorded from the carotid artery with a mercury 
manometer. Outflow from the coronary sinus was 
collected with a plastic cannula inserted into the sinus 
orifice via the right auricle. The cannula was held 
in a fixed position by a suture that was passed 
around the coronary sinus and tied. This arrangement 
excluded contamination of sinus blood with mixed 
venous blood. The position of the cannula was 
checked post mortem. The coronary venous outflow 
was recorded continuously with a Gaddum flowmeter. 
The blood was returned to the femoral vein by a 
pump. Coronary oxygen saturation was recorded 
continuously by directing the coronary outflow 
through a cuvette connected to a transmission-type 
oximeter. The arterial haemoglobin oxygen saturation 
was determined by taking arterial samples in the 
course of the experiment. The haemoglobin oxygen 
saturation of the blood samples was measured with a 
haemoreflector and haemoglobin content was 
determined by a photometer. Myocardial oxygen 
consumption was calculated by multiplying the 
coronary venous flow by the arterio-venous difference 
in haemoglobin oxygen saturation and oxygen 
capacity of the blood (haemoglobin content in 
mg/100 ml blood x 1.34). The effect of chloracyzine (2 
or 5 mg/kg, i.v.) was compared with that of two other 
coronary antispasmodics, aminophylline (3 or 
7 mg/kg, i.v.) and prenylamine (1 or 2 mg/kg, i.v.). 


Isolated heart 


Under light ether anaesthesia the heart was quickly 
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removed, suspended in a Langendorff apparatus and 
perfused via the aortic root with oxygenated Krebs 
solution (kept at 37°C) at a constant pressure of 
80 cm water. The coronary perfusate of the beating 
heart was collected and measured with a Gaddum 
recorder. Oxygen content in the coronary outflow and 
inflow were recorded polarographically in the 
following manner. Krebs solution was continuously 
directed to a cell which held two electrodes. One of 
them was a platinum wire 0.2mm in diameter, 
insulated by a glass covering throughout its length 
except for a distance of 1 mm at the tip. It formed the 
cathode for determination of oxygen content. The 
reference electrode was a Ag—AgCl plate (5 x 5 mm). 
A polarizing source, adjusted to 0.6 V, and a recording 
device were connected between the reference electrode 
and the cathode, The oxygen electrode was calibrated 
by Krebs solution with known oxygen content (for 
details see Kisin & Buyanov, 1963). Chloracyzine (0.2 
or 0.5 mg) was injected into the aortic root through a 
catheter. Student’s t-test was used for statistical 
analysis of results. f 


Results 
Open-chest cat 
Chloracyzine induced a decrease in myocardial 


oxygen consumption (Figure 1). The decrease in 
oxygen uptake was 15% for a dose of 2 mg/kg and 


Table 1 
consumption 


Chioracyzine 2 mg/kg, i.v. 


Control 
Myocardial O, 0.90 +0.04 
consumption {ml/min} 
Arterial O, 94+4 
saturation (%®HbO,) 
Coronary sinus 274+2 
O, saturation (*HbO,) 
Coronary sinus 8.2 +0.4 
outflow (ml/min) 
Mean arterial 95+6 
pressure (mmHg) 
Heart rate 161+8 
{beats/min) 


Arterial pressure aa lal yne 
(mmHg) ool o. 
Heart rate oee are 
(beats/min) 140 

A-V coronary 


O; saturation (% HbOs) 


1 
Coronary sinus 8 
outflow (ml/min) No 
4 


0.7 
Calculated myocardial N oA 


O, consumption (ml/min) 





0 5 0 % 20 25 
Time (min) 


Figure 1 Effect of chloracyzine (5 mg/kg, i.v.} on 
myocardial oxygen consumption in open-chest cat. 


26% for 5mg/kg (Table 1). Coronary blood flow 
increased for 2—4 min and then was reduced in 
accordance with the level of myocardial oxygen 
consumption, Coronary sinus oxygen saturation was 
greatly increased during coronary dilatation. When 
coronary blood flow was reduced there were no 
significant changes in oxygen saturation. Despite the 


Effects of chloracyzine In the open-chest cat at the time of maximum decrease In myocardial O, 


Chioracyzine 5 mg/kg, iv. 


{70} 
5 min after Control 7 min after 
infection injection 
0.76 +0.05t 0.86 +0.05 0.6440.03f 
95+3NS 96 +3 96 +3 NS 
29+2 NS 28 4+2 3143 NS 
7.0+0.4t 7.8 +40.4 6.2 +0.5t 
97 +7 NS 9047 95+8NS 
169+9NS 16547 180 +8* 


Values are mean + s.e. mean. Number of experiments in parentheses. 


*P<0.05;TP<0.01; 5 P<0.001. 
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decrease in oxygen uptake after chloracyzine, the 
heart rate increased and mean arterial pressure was 
not reduced, in fact, it increased in many instances. 

Aminophylline caused a pronounced and almost 
equal increase in myocardial oxygen consumption and 
coronary blood flow. Marked coronary dilatation 
induced by prenylamine was accompanied by an 
insignificant increase in oxygen uptake. 


Isolated heart 


Chloracyzine again reduced myocardial oxygen 
consumption. The decrease was 16% and 30% for 
doses of 0.2 mg and 0.5 mg respectively (Table 2). 
Coronary flow was also reduced (after an initial 
increase for the first 1—2 min) but to a smaller degree 
than myocardial oxygen consumption which resulted 
in a significant increase in coronary outflow oxygen 
content. 


Discussion 


In the open-chest preparation, the decrease in 
myocardial oxygen consumption after chloracyzine 
was chiefly due to reduction in coronary blood flow, 
while the reduced A~V O, difference played a role 
only in the initial stage. By contrast, the latter was the 
main factor for reduction in oxygen uptake in the 
isolated heart. A possible explanation for this 
difference is impairment, in the latter case, of the 
mechanism coordinating the coronary blood flow and 
myocardial oxygen consumption. 

Chloracyzine was able to produce a small increase 


in mean arterial pressure; heart rate increased slightly 
in the open-chest experiments but not in the isolated 
heart. These effects can be attributed to the atropine- 
like action of chloracyzine and to its ability to 
augment the pressor action of catecholamines. 
Markova (1963) reported a tendency to increase 
cardiac output. All these findings indicate that despite 
the decrease in oxygen consumption, heart activity is 
at least not reduced. Chloracyzine thus increases the 
heart efficiency. 

It was found previously that chloracyzine increases 
the coefficient of oxidative phosphorylation in 
homogenates of the myocardium of rats treated with 
this drug (Kisin, 1973). Ability of other phenothiazine 
derivatives to increase the efficiency of oxidative 
phosphorylation was also reported. Zubovskaya 
(1960) showed that mepazine and promazine when 
added to the homogenates of myocardium of the 
rabbit caused a rise in the P:O coefficient. 
Improvement in the process of formation of energy- 
rich phosphates is a possible explanation for the 
increase in heart efficiency after chloracyzine. 

The decrease in myocardial oxygen consumption 
induced by chloracyzine as well as its spasmolytic 
properties may be responsible for the positive effect of 
this drug in angina pectoris (Kisin, 1973). It seems 
likely that the drug decreases myocardial oxygen 
uptake through improved efficiency in the use of 
oxygen. This approach may be of interest as in such a 
case a reduced oxygen uptake is not associated with 
reduced heart activity which is often undesirable. 


I wish to thank Dr V. V. Buyanov for help in carrying out the 
experiments. 


Table 2 Effects of chloracyzine in the isolated heart at the time of maximum decrease in myocardial O, 


consumption 
Chloracyzine 0.2 mg Chioracyzine 0.5 mg 
{8) 
Control 3 min after Control § min after 
administration administration 

Myocardial O, 202+15 1644+11t 211414 1484+15t 
consumption (g/min) 
Coronary inflow 20 +2 2042 2042 2042 
0,-content (ug/ml) 
Coronary outflow 3.2 +0.2 4.9<0.4f 3.5+0.3 7.2 +0.7Ł 
Q,-content (ug/ml) 
Coronary outflow 12.1 40.8 11.2+0.7 NS 13.0 +40.6 11.5 +0.8* 
(ml/min) 
Heart rate 120410 116411 NS 12849 122+12NS 
(beats/min) 


Values are mean +38.e. mean. Number of experlments in parentheses, 


*P<0.05; t P<0.01;¢ P< 0.001. 
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STIMULATION OF PROSTAGLANDIN 
BIOSYNTHESIS BY DRUGS: EFFECTS | 
in vitro OF SOME DRUGS AFFECTING GUT FUNCTION 


H.O.J. COLLIER, WENDY J. McDONALD-GIBSON & S.A. SAEED 
Research Department, Miles Laboratorles Limited, Stoke Poges, Slough, SL2 4LY 


1 Low concentrations of several emetic, purgative or irritant drugs in the absence of added co-factors 
stimulated conversion of arachidonic acid to prostaglandin E, and F2, by prostaglandin synthetase 
extracted from bull seminal vesicles (BSV prostaglandin synthetase). Their effect was dependent on 
concentration and time. 

2 Stimulation of BSV prostaglandin synthetase by apomorphine, aloes, tyramine or zingerone was 
increased several-fold by addition of reduced glutathione to the incubation medium, whereas hydro- 
quinone, a phenolic co-factor of prostaglandin synthetase caused slight depression. 

3 From this finding and from the observation that many of the stimulant drugs possess a phenolic 
group, whereas their inactive relatives lack such a group, it is suggested that these stimulant drugs act 
as co-factors for prostaglandin synthetase in place of hydroquinone. 

4 Aloes, tyramine, ethanol and quipazine also produced a dose-related increase in resting tone of the 
isolated fundus of the rat stomach. This increase occurred at concentrations comparable to those 
effective in stimulating BSV prostaglandin synthetase, and was abolished by acetyisalicylate. 

5 These findings support the view that certain drugs exert some of their pharmacological effects by 
stimulating prostaglandin synthetase. 


Introduction 

Many parts of the digestive tract release prosta- potent stimulants, and investigations of other drugs. 
glandins in response to various stimuli (Coceani, Pace- 

Asciak, Volta & Wolfe, 1967; Bennett, Friedmann & 


Vane, 1967; Collier, 1974; Herman & Vane, 1975). Methods 
Administration of exogenous prostaglandins causes 
emesis, bile reflux, accumulation of water and Enzyme preparation 


electrolytes in the lumen of the small intestine, 


abdominal pain and diarrhoea (Horton, Main, 
Thompson & Wright, 1968; Misiewicz, Waller, Kiley 
& Horton, 1969; Matuchansky & Bernier, 1973; 
Milton-Thompson, Cummings, Newman, Billings & 
Misiewicz, 1975; Main & Whittle, 1975). These facts 
led us to investigate the possibility that some drugs 
exert their effects on the digestive tract through 
stimulation of prostaglandin biosynthesis in the gut 
wall or elsewhere in the body. Preliminary 
experiments, some of which have been briefly reported 
(Butt, Collier, Gardiner & Saeed, 1974; Collier, 
McDonald-Gibson & Saeed, 1974; 1975), showed that 
some emetics, purgatives or flavouring agents 
stimulate prostaglandin biosynthesis in homogenates 
of bull seminal vesicles incubated with arachidonic 
acid We now describe further studies on the more 


Bull seminal vesicles from the slaughterhouse were 
used fresh or after not more than four weeks storage 
at —20°C. Vesicles were trimmed of fat and 
connective tissue, cut into small pieces and 
homogenized for 1—2 min at full speed in a Waring 
Blendor in ice-cold 50 mM phosphate buffer at pH 7.4 
(referred to subsequently as buffer) containing 1 mM 
disodium edetate (EDTA). The suspension was 
strained through cheesecloth and centrifuged for 
20 min at 600 g. The supernatant was used as the 
synthetase preparation. 


Standard test 


After the optimal conditions for prostaglandin 
biosynthesis and the time during which production 


® 
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increase was linear had been determined, using a 
procedure already outlined by Collier et al., 1974, the 
following standard test was adopted. To 0.5 ml of the 
synthetase preparation arachidonate was added to 
give a final concentration as sodium salt of 61 uM 
(20 pg/ml). Appropriate concentrations of test drugs 
were included in the reaction mixture which was made 
up to 2 mi with buffer and incubated with shaking at 
37°C for 15 minutes. Two mi 0.2 M citric acid and 
16 ml ethylacetate were added, and after thorough 
mixing and centrifugation for 5 min at 600 g, 10 ml of 
the ethylacetate layer was removed, evaporated to 
dryness in vacuo and the residue dissolved in Krebs 
solution for bioassay of total prostaglandin-like 
activity. All experiments included controls in which 
boiled BSV homogenate was used. 

For separate assay of E and F prostaglandin-like 
activities, the dried residue was redissolved in 50 pl of 
ethanol and spotted quantitatively onto thin-layer 
silica gel plates, with markers of 2 ug prostaglandin E, 
and Fag The dried plate was developed to a distance 
of about 16cm in a modified AI (Gréen & 
Samuelsson, 1964) solvent system (benzene: dioxane: 
acetic acid: 50:50:1). After chromatography, the 
marker spots were visualized by spraying with 10% 
phosphomolybdic acid in ethanol and exposing to hot 
air. The areas corresponding to prostaglandins E, and 
Fa were scraped into test tubes and eluted with 
acetone or ethanol. The eluates were dried in a stream 
of N, and taken up in Krebs solution for bioassay. 

In four experiments, 0.125 pCi (*H]-prostaglandin 
E, and 0.125yCi [*H]-prostaglandin F», were 
incubated with unboiled or boiled enzyme for 15 min, 
extracted, separated by thin-layer chromatography 
and assayed. In this procedure, <8% of the prosta- 
glandins E, and F.,, was lost during incubation 
with unboiled enzyme preparation. It was concluded 
that the increased net prostaglandin production in the 
presence of test drugs could be attributed largely to 
increased prostaglandin biosynthesis and not to 
protection from breakdown. 


Bioassay 


Bioassay of prostaglandins was performed, with two 
to four samples of each test solution, on rat stomach 
fundus strip, superfused at 5 ml/min with Krebs 
solution of the following composition (mM): NaCl 
118, KCl 4.7, CaCl, 2.6, MgSO, 1.2, KH,PQO, 1.2, 
NaHCo, 25 and glucose 5.6, gassed with 95% O, and 
5% CO, and containing a mixture of selective 
antagonists: hyoscine 0.33 uM, mepyramine 0.35 uM, 
methysergide 0.57 uM, phenoxybenzamine 0.33 uM 
and propranolol 11.57 uM. As the product of the 
enzyme in the conditions of these experiments was 
largely prostaglandin E,-like, this prostaglandin was 
used for reference. Some results were expressed as the 
production ratio, which is the ratioof total prosta- 
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Figure 1 Concentration-response lines for total 


prostaglandin (PG) production (assayed as prosta- 
glandin £,) by stimulant drugs in standard test 
conditions (see Methods section). The prostaglandin 
production ratio is the ratio of prostaglandin 
production in the presence of drug to that in its 
absence. Aloes (@); tyramine (OQ); capsaicin (A); 
zingerone (A). Vertical lines represent standard errors 
of the mean. 


glandin production in the presence of drug to that 
in controls. When prostaglandins E, and F>, were 
assayed separately, the rat stomach strip and rat colon 
were used respectively. 


Fundus of rat stomach 


To measure the effect of drugs on isolated tissue, a 
method was adapted from one used previously to 
study inhibition of prostaglandin synthetase (Bennett, 
Fox & Stamford, 1973; Collier, 1974). A strip of rat 
stomach fundus was suspended in oxygenated Krebs 
solution in an organ bath (10 ml). When the 
preparation had reached a constant tone, a low con- 
centration of drug was added. The concentration of 
drug was then doubled and this process continued 
until tone reached a maximum. The results are 
expressed as the total concentration to increase tone to 
50% maximum (MT,_). 


Drugs 


Table 1 lists the drugs tested and the salts used. 
Colchicine (Sigma), caffeine citrate (BDH), 3-isobuty}- 
l-methylxanthine (IBMX; Aldrich), theobromine 
(Sigma), theophylline (Sigma), capsaicin (Sigma) and 
Escherichia coli, strain 0111 B4, lipopolysaccharide 
W toxin (Difco) were used. Bile was obtained from the 
gall bladder of freshly killed guinea-pigs. Quipazine is 
1-(2-quinolyl)piperazine (Rodriguez & Pardo, 1971). 
Solutions were made up in water or, if necessary, in 
dilute HCI or NaOH and serially diluted in buffer for 
addition to the incubation mixture. (*H]-prostaglandin 
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E, (160 Ci/mmol) and [°H]-prostaglandin Fz (20 
Ci/mmol) (Radiochemical Centre, Amersham), were 
diluted in a solution of the unlabelled prostaglandin 
before use. Concentrations of drugs refer to the acid 
or base. 

Sodium arachidonate was prepared by dissolving 
arachidonic acid (Sigma, grade 1, 99% pure) in 
ethanol and diluting with 0.2% w/v sodium carbonate. 
This solution of sodium arachidonate was diluted in an 
amber glass container with buffer to 200 pg/ml for 
use. 

Drugs were tested at several dilutions to determine 
the concentration that stimulates total prostaglandin 
production by 50% (SC,,), corresponding to a 
production ratio of 1.5. Dose-response lines were 
plotted for drugs in the absence of added 
hydroquinone or glutathione (standard conditions) 
that gave a production ratio significantly (P< 0.05) 


Table 1 
prostaglandin E, 


more than unity. From this line, the SC. value was 
derived. 


Results 
Bull seminal vesicle prostaglandin synthetase 


Many of the drugs produced a concentration-related 
increase in total prostaglandin production in the 
standard test conditions, although some active drugs 
in high concentrations strongly inhibited prostaglandin 
production assayed as prostaglandin E, (Figure 1). In 
Table 1, based on dose-response lines of the type 
shown in Figure 1, drugs are grouped according to 
probably relevant effect; potency is expressed as the 
SCs5q value derived from the rising phase of the dose- 
response line and effectiveness as the maximal prosta- 


Potency and effectiveness of test drugs as stimulants of prostaglandin (PG) blosynthesis assayed as 


Drug effect 


Emesis 


Diarrhoea 


Migraine 


inhibition of 
phospho- 
dlesterase 


Irritation 


Drug 


Apomorphine hydrochloride 
Codeine phosphate 

Heroin hydrochloride 
Morphine sulphate 
Naloxone hydrochloride 


Aloes B.P. 

Bisacody! 

Colchicine 

Danthron 

Oxyphenisatin acetate 
Phenolphthalein diphosphate 


a-Phenylethylamine hydrochloride 
B-Phenylethylamine hydrochloride 
Tyramine hydrochloride 


Caffeine citrate 
IBMX 
Theobromine 
Theophylline 


Capsalcin 
Zingerone 

Ethanol 
Acetaldehyde 

E£. coli toxin 
Guinea-plg bile 
Qulpazine maleate 


Glutathione 
Hydroquinone 
isoprenaline sulphate 


Stimulation of 
PG synthetase 


Most effective 

concentration 
SCpo E S.E. Smax + S.-8. tested 
0.027 +0.01 4.13 +0.17 0.37 
NS (0.84) vaen — 
0.62 + 0.06 2.06 +0.25 2.36 
0.17 +0.06 5.43 +1.45 3.50 
0.19 +0.04 5,23 +0.83 2.75 
9.623 + 1.67* 2.992+0.13 500* 
NS (0.14) on —— 
6.76 +0.25 2.804 1.28 7.5 
NS (0.12) pa DER 
NS (0.16) — — 
1.85 +0.72 1.50+0.14 1.85 
NS (24.8) — — 
NS (7.96) — — 
0.35+0.10 6.08+0.55 11.52 
1.35 +0.86 2.25 +0.19 10.30 
1.44 +0.76 1.76 +0.16 2.25 
Circa 3.6 1.49 3.6 
3.12+2.20 2.09 +0.61 11.09 
0.006+0.002 1.8340.22 0.036 
0.041 +0.01 4.05+0.45 0.52 
2.64+0.164T 1.50+0.17 2.57 
NS (910) = — 
NS (250)* “en — 
5.45 +2.0t 1.66 +0.11 15.0t 
0.07 + 0.04 1.6 +0.08 0.47 
0.021 +0.009 9.09+0.77 1.3 
0.093 +0.044 1.95+0.12 0.33 
0.1240.024 4.47+0.56 1.35 


The SC,, is the lowest mm concentration of drug giving a total prostaglandin productlon that is 50% higher 
than controls. Smax Is the prostaglandin production at the most effective stimulatory concentration of drug 
used, expressed as the ratio of total prostaglandin produced in the presence of drug to that in its absence. NS 
(0.84) etc., not stimulant at maximal concentration used, 0.84 mo. * pg/ml; t %v/v. 
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Figure2 Time-response lines for stimulant drugs In 
the standard conditions of test. Response is the ratio 
of total prostaglandin (PG) production reached at a 
given polnt in time in incubates containing drug to 
that in incubates without drug. Apomorphine 
0.37 mm (W); colchicine 7.8mm (O); tyramine 
3.6 mm (O); zingerone 0.52 mM (A). Vertical lines 
represent standard errors of the means. 


glandin production ratio obtained. The slopes of the 
rising phases of the dose-response lines of all drugs in 
Table 1 had a value of P<0.05, and eleven of these 
slopes had values of P<0.01. Apomorphine and 
morphine, which have emetic effects, had high 
activity, and except for codeine their relatives were 
also active. Activity was shown by aloes, colchicine 
and phenolphthalein, which have purgative effects, but 
not by bisacodyl, danthron or oxyphenisatin. Some 
food substances suspected of causing migraine 
(Hanington, 1967; Sandler, Youdim & Hanington, 
1974), were active (tyramine, present in cheese and 
theobromine, present in chocolate). The ‘hot’ 
flavourings capsaicin, from chilli, and zingerone, from 
ginger, were also active. Ethanol was active but its 


metabolite, acetaldehyde, was inactive. The 
phenylethylamines, in chocolate, were inactive. 
Quipazine showed high potency but moderate 
effectiveness. That glutathione or hydroquinone 
stimulated prostaglandin synthetase indicates the 
standard test medium contained less than optimal 
amounts of co-factors. 

Figure 2 gives the time-response lines of some 
active drugs. The onset of stimulation was rapid and 
the increase of prostaglandin production was roughly 
linear up to approximately 5 to 15 min, and then fell. 

In other experiments, we separated by thin-layer 
chromatography and estimated separately the prosta- 
glandin E, and F2,-like material produced in 
control incubates and in the presence of apomorphine, 
morphine, naloxone, tyramine or capsaicin. In all 
incubates, both prostaglandins were regularly 
detected, prostaglandin E, always exceeding F,, by 
several-fold in amount. 

Acetylsalicylate, an inhibitor of prostaglandin 
synthetase, inhibited the stimulation of total prosta- 
glandin biosynthesis by apomorphine, tyramine, 
capsaicin, glutathione or hydroquinone (Table 2). The 
IC,, value of acetylsalicylate ranged from 2.0 mM for 
hydroquinone to 6.4 mM for tyramine. 

To explore the mechanism of stimulant action, we 
tested some of the active drugs in the presence of 
glutathione or hydroquinone, the co-factors 
commonly used to stimulate prostaglandin synthetase 
(Nugteren, Beerthuis & Van Dorp, 1966; Samuelsson, 
1967). Hydroquinone somewhat lessened the 
stimulation of prostaglandin production by two con- 
centrations of aloes, apomorphine, tyramine or 
zingerone, whereas glutathione markedly enhanced 
their stimulant action (Table 3). Time-response lines 
also showed that glutathione strongly enhanced the 
effect of apomorphine, but hydroquinone did not. 


Fundus of rat stomach 
Aloes, tyramine, zingerone, ethanol, quipazine, 


glutathione and hydroquinone were tested for ability 
to increase the tone of the isolated fundus of rat 


Table 2 Concentrations of acatylsalicylate required to inhibit by 50% (IC) the stimulation of total 


prostaglandin production by various drugs 


No. of 
Stimulant (mm) expts 


Apomorphine (0.037) 
Apomorphine (0.37) 
Capsaicin (0.0037) 
Capsaicin (0.037) 
Glutathione (0.325) 
Hydroquinone (0.325) 


Production ratio In ICs. of 
absence of acetylsalicylate 
acetylsalicylate (mm) 
2.39 2.95 
4.09 2.95 
1.28 3.69 
1.70 2.26 
5.09 2.4 
1.95 2.0 
4.0 6.4 
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Tyramine (3.64) 
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stomach. Of these, aloes, tyramine, ethanol and 
quipazine produced a dose-related increase in tone 
(Table 4). Acetylsalicylate (5.0mM) abolished the 
increase produced by each drug at above its MTs, 
concentration, except tyramine, of which a dose lower 
than the MT. was fully inhibited. 


Discussion 


Few of the drugs in Table 1 that stimulated pro- 
staglandin biosynthesis appear to have been shown by 
others to be potent stimulants of this process in vitro. 
After incubation for several days in the presence of 
0.1 pg/ml colchicine, cultures of synovial tissue from 
patients with rheumatoid arthritis produced more than 
ten times as much prostaglandin as controls 
(Robinson, Smith, McGuire & Levine, 1975). 
However, when tested over a 15 min incubation 
period, colchicine had a relatively low potency and 
effectiveness (Table 1). The toxic effects of colchicine 


in man include nausea, emesis, abdominal pain, 
diarrhoea and a burning sensation of skin and mucous 
membranes; these appear after a pronounced latency 
(Woodbury & Fingle, 1975) and this is consistent with 
the possibility that its action is indirect. 

Despite the ability of Escherichia coli endotoxin to 
produce vomiting and diarrhoea in vivo (Thomas, 
1954; Collier, 1974),it failed to stimulate prosta- 
glandin biosynthesis when incubated for 15 min 
with BSV homogenate (Table 1). This failure is 
consistent with the findings that only after a latency of 
2 h did E. coli endotoxin in vivo cause emesis and 
diarrhoea (Collier, 1974) and that prostaglandin 
synthesis is stimulated only by toxin administered in 
vivo (Herman & Vane, 1975). 

How do drugs stimulate prostaglandin biosynthesis 
by BSV homogenate? Since the homogenate in the 
standard test conditions did not appreciably degrade 
added radio-labelled prostaglandins E, or Fas 
blockade of degradation of synthesized prostaglandins 
could not explain their increased amounts. It seems 


Table 3 Effects of glutathione (GSH) or hydroquinone (HQ), both 0.13 mM, on stimulation of prostaglandin 
biosynthesis by aloes, apomorphine, tyramine or zingerone in bull seminal vesicle homogenate 


Drug 


None 
Apomorphine 0.037 mm 
Apomorphine 0.37 mm 


None 
Aloes 50 ug/ml 
Aloes 600 ug/m! 


None 
Tyramine 0.36 mM 
Tyramine 3.6 mM 


None 
Zingerone 0.051 mm 
Zingerone 0.51 mM 


All results are expressed as ug prostaglandin E, equivalents produced. Values are the means of two 


Independent experiments. * Below control levels. 


Addition 

None GSH HQ 
1.01 3.39 2.12 
1.61 6.10 1.97 
4.58 9.93 3.83* 
1.06 4.24 3.14 
1.82 6.72 3.05 
2.53 9.41 1.74* 
0.87 4.10 2.15 
1.28 6.24 2.17 
3.05 11.94 2.59* 
1.12 6.2 3.32 
2.15 9.16 4.21 
3.86 9.96 5.50 


Table 4 Potency of some stimulant drugs In Increusing the tone of the rat stomach fundus; and the highest 
concentration of drug at which 5 mM acetylsalicylate (ASA) abolished the tone increase 


Drug MT, +5.@. 

Aloes B.P. 9.0+1.9 pg/ml 
Tyramine 0.35 +0.02 mm 
Ethanol 4.2 + 1.0% vv 
Quipazine 0.017 +0.0025 mM 


Max. conen inhibited 


by ASA 


31.8 +6.1 ug/ml 
0.23 + 0.003 mm 
7.0+0.7% v/v 
0.03 +0 mM 


MT. is the total concentration of the test drug to increase tone by 50% of the maximal increase. Each value Is 


the mean of four experiments. 
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unlikely that the stimulant drugs acted by releasing 
endogenous arachidonic acid through the activation of 
phospholipase A, because the medium contains both 
added arachidonic acid, and EDTA, which inhibits 
phospholipase A (Roy, 1975). 

The stimulant drug might act as a cofactor, 
supplementing a sub-optimal co-factor concentration 
in the medium. Lessening by hydroquinone and 
enhancement by glutathione of the ability of several 
stimulant drugs to increase prostaglandin biosynthesis 
(Table 3) fits this view. These considerations lead us to 
think that the effects observed were mainly due to 
stimulation of prostaglandin synthetase. 

Most drugs showing stimulant activity (Table 1) 
were phenolic, whereas the only ineffective phenolic 
drug was danthron. Furthermore, where a pair of 
drugs differed only in the presence or absence of a 
phenolic group, such as morphine and codeine, or 
tyramine and phenylethylamine, only the phenol was 
active. Comparable results were obtained by Pace- 
Asciak (1972) with tyramine and phenylethylamine, 
using rat stomach prostaglandin synthetase. The 
unexpected activity of heroin may perhaps be 
explained by some hydrolysis of the acetyl group in 
the test conditions (heroin is unstable in aqueous 
solution), and the inactivity of danthron by its low 
water solubility. We suggest that the stimulant effects 
on prostaglandin synthesis of certain drugs, described 
above, depends on the presence of a phenolic group 
although this group could not be the only determinant 
of stimulant activity. Potency and effectiveness among 
phenols would be expected to vary in relation to other 
aromatic ring substituents of the molecule. Such drugs 
may thus be thought to play the part of ‘phenolic 
activator (Smith & Lands, 1971) of prostaglandin 
synthetase, which may also be played in vivo by 
catecholamines or 5-hydroxyindoles (Sih, Takeguchi 
& Foss, 1970; Takeguchi, Kohno & Sih, 1971). 

It seemed desirable that observations made on a 
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broken cell preparation of bull seminal vesicles should 
be extended to tissue that was derived from the gastro- 
intestinal tract and contained intact functioning cells. 
We therefore tested the effects of some active drugs on 
the resting tone of an isolated strip of the fundus of rat 
stomach, which is regarded as due to intramural 
generation of prostaglandins (Eckenfels & Vane, 1972). 
The test was partly successful, in that four of seven 
stimulant drugs increased the resting tone of the 
fundus (Table 4) and, where the fundus responded, the 
effective concentration was comparable with that in 
BSV homogenate. The inhibition by acetylsalicylate of 
a considerable part of the increase of tone suggests 
that prostaglandin biosynthesis was involved. 

That ethanol was effective in both tests is consistent 
with the recent conclusion of Karppanen & Puurunen 
(1976) that ethanol inhibits acid gastric secretion in 
the rat, at least partly through the increased synthesis 
of prostaglandins. Quipazine, which was active in both 
tests, has the side-effects of nausea, salivation, emesis, 
retching, gastric discomfort, abdominal distension, 
flatulence, colic, diarrhoea, tenesmus and headache 
(J.E. Villarreal, personal communication). 

Our findings point to a hitherto little appreciated 
facet of drug action: certain drugs stimulate prosta- 
glandin synthetase and this may mediate some of 
the drugs’ effects. Since prostaglandin synthetase 
occurs in the gut (Pace-Asciak & Wolfe, 1970) and 
prostaglandin precursors are present in foods, the 
local concentration of drug might well be enough to 
stimulate prostaglandin biosynthesis, particularly in 
the presence of prostaglandin precursors in dietary 
fats, and thus contribute to symptoms such as 
dyspepsia, diarrhoea, headache and a sensation of 
heat in mucous membranes. 
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1 Blood flow through the submandibular gland of the dog was measured and the venous effluent 
monitored for potential mediators of the functional vasodilatation by passing it over a series of assay 
tissues. 

2 On chorda lingual nerve stimulation there was salivation, an increased blood flow and the release 
of a bradykinin-like substance (kinin) into the venous effluent. 

3 In about half of the preparations, increasing the frequency of stimulation from 2 to 10 Hz led to an 
increased output of kinin, whereas in the others successive stimulations led to a decreasing output of 
kinin in the face of normal secretory and vascular responses. 


4 Following the administration of atropine, the vasodilatation persisted, salivation was abolished and 


after several stimulations kinin release could no longer be detected. 
5 Release of prostaglandin did not appear to be responsible for the vasodilatation. 
6 Itis concluded that neither kallikrein nor kinin is the main mediator of parasympathetic vasodilata- 


tion in the salivary gland. 


Introduction 


Stimulation of the parasympathetic nerve supply to 
the submandibular gland in dogs and cats leads to 
salivation and an increase in the blood flow, but only 
the salivation is blocked by atropine (Heidenhain, 
1872). This observation suggested that there were 
specific parasympathetic vasodilator nerve fibres 
resistant to atropine, but Ungar & Parrot (1936) 
suggested that kallikrein, present in the submandi- 
bular saliva may mediate the effects of the nervous 
stimulation. Hilton & Lewis (1955a; 1955b; 1956) 
provided experimental support for this thesis and 
extended it to functional vasodilatation in other 
organs. However, their views were subjected to 
criticism, (Bhoola, Morley, Schachter & Smaje, 1965; 
Schachter & Beilenson, 1967; Beilenson, Schachter & 
Smaje, 1968; Skinner & Webster, 1968; Darke & 
Smaje, 1973). A particular problem was that neither 
salivary kallikrein nor kinin could be found in the 
venous effluent of secreting glands. It was possible, 
however, that bradykinin released during activation of 
the gland, was not detected because of the very short 


1 Present Address: Faculdade de Medicina de Ribeirao 
Preto, USP, Ribeirao Preto, Brazil. 


half-life of the peptide in blood and tissues (Nobili, 
1965; Ferreira & Vane, 1967b), or that any kallikrein 
or kinin released was eliminated in the lymph (Hilton 
& Lewis, 1955b). 

A rapid method for the estimation of bradykinin in 
blood is thus required and in a preliminary report 
Ferreira, Corrado & Rocha e Silva (1969) have shown 
that the blood-bathed organ technique (Vane, 1964) 
could be used for the detection of kinin in the venous 
effluent of the salivary gland. In the present paper we 
have used the same technique and extended these 
observations. The destruction of kinins by the blood 
was prevented by the use of synthetic penta and nona 
bradykinin-potentiating peptides (BPP;, and BPPo,) 
which are two of the bradykinin-potentiating peptides 
originally described in the venom of Bothrops 
jararaca (Ferreira, 1965; Greene, Camargo, Kreiger, 
Stewart & Ferreira, 1972). Potentiation of the 
contractions of the assay tissues by BPP was taken as 
confirmation of bradykinin release. We have used 
additional isolated tissues in an attempt to detect 
substances other than kinins (e.g. prostaglandins) 
which could mediate the atropine-resistant vaso- 
dilatation caused by chorda tympani nerve 
stimulation. 
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Methods 


Seventeen dogs of various breeds and either sex, 
weighing between 17 and 35kg were used. 
Anaesthesia was induced by intravenous pento- 
barbitone sodium (Nembutal, Abbot) 30 mg/kg given 
via a foreleg vein and supplemented as required via 
a cannula which was subsequently placed m the 
femoral vein. To facilitate respiration, a cuffed 
endotracheal tube was inserted after mduction of 
anaesthesia. Blood pressure was monitored from the 
femoral artery with a S.E. 4—28 pressure transducer 
and registered on a Watanabe pen recorder. 


Blood flow 


The venous drainage of the gland was isolated and 
other veins draining into the external jugular vein were 
tied off. Thermocautery was used extensively in order 
to produce a bloodless field. The external jugular vein 
was cannulated and drops of blood passed through a 
closed drop counter. The outflow from the counter 
went to the stem of a Y tube. One limb of the tube 
joined a cannula placed in the external jugular vein 
facing towards the heart, and the other went to a roller 
pump which supplied the assay tissues. This 
arrangement ensured a constant supply of 10 ml per 
min of blood to the assay tissues. When salivary gland 
blood flow was less than 10 ml/min (e.g. during resting 
conditions) the balance required was pumped from the 
external jugular vein; if the glandular blood flow 
exceeded 10 ml/min (e.g. during maximal vaso- 
dilatation) any excess passed into the external jugular 
vein. 

The output from the drop counter was either passed 
to a rate meter or the individual drops were integrated 
and the counter discharged at regular intervals with a 
clock (see Darke & Smaje, 1972). 

After the dissection the preparation was left for 
30—60 min before beginning blood flow recording, at 
which time heparin (1000 i.u./kg i.v., Boots) was 
given. 

Intra-arterial injections were made via a cannula 
passed retrogradely into the lingual artery so that its 
tip lay at the junction of the lingual artery and the 
external carotid artery. 


Nerve stimulation 


The chorda lingual nerve was freed from the 
connective tissue dorsal to the mylohyoid muscle and 
separated from the hyoglossus muscle. The nerve was 
cut as far rostral as possible and stimulated with a 
fluid electrode at supramaximal voltage (10—20 V} 
with square wave pulses at a frequency of 2—20 Hz 
and of 1 ms duration. 

The submandibular duct was cannulated distal to 
the point at which it was crossed by the lingual nerve, 
using polythene tubing of 2—3 mm external diameter. 


Assay method 


Variations in the concentration of bradykinin-like 
substance (kinin) or prostaglandins in the venous ' 
effluent were measured continuously by the blood- 
bathed organ technique (Vane, 1964) with 4 tissues in 
series: (1) cat jejunum (CJ) or terminal ileum (CTI), or 
kitten terminal ileum (KTI) (Ferreira & Vane, 1967a; 
Ferreira, Ng & Vane, 1973), (2) rat stomach strip, (3) 
rat colon and (4) chick rectum. The cat and kitten 
tissues contract in the presence of bradykinin; the 
terminal ileum responds to histamine as well but this 
was prevented by pretreatment with mepyramine (see 
below). The rat stomach strip (Vane, 1957), rat colon 
(Regoli & Vane, 1964) and chick rectum (Mann & 
West, 1950) respond to prostaglandins. The isolated 
tissues were pretreated with antagonists of adrenaline, 
5-hydroxytryptamine, acetylcholine and histamine 
(Gilmore, Vane & Wyllie, 1968), so that the only 
known agonist which contracts the cat tissues was 
bradykinin (Ferreira & Wane, 1967a), and prosta- 
glandins were the only substances known to contract 
all three of the other tissues (Gillmore et al., 1968). 

An increase in oxygen tension is known to lead to 
an increased tension in isolated tissues. The Po, in the 
venous effluent was higher during stimulation than at 
rest and the resulting organ contractions had to be dis- 
tinguished from those due to release of potential 
mediators (see Results section). Oxygenation of the 
venous effluent before it superfused the tissues led to 
inconsistent results, so it was omitted. Contractions of 
the assay tissues were monitored with auxotonic levers, 
attached to ‘Harvard’ smooth muscle transducers and 
displayed on a multi-channel recorder (Watanabe). 
The overall amplification of the system was four to 
eightfold. The isolated assay tissues were suspended in 
polypropylene chambers and superfused in series, first 
with Kreb’s solution, while the gland was being 
prepared and then with the venous effluent from the 
gland. Blood reached the tissues 30—50 s after leaving 
the gland. 

Test substances (bradykinin, Sandoz; purified hog 
pancreatic kallikrein, Bayer; prostaglandin E, and E,, 
Upjohn; histamine acid phosphate, Burroughs 
Wellcome; adenosine diphosphate, Sigma; bradykinin 
potentiating pentapeptide, BPP, and bradykinin 
potentiating nona peptide BPP, kindly supplied by L. 
Greene, Brookhaven National Laboratories, U.S.A.) 
were injected into the tubing leaving the gland. 


Results 
Kinin release 
In 13 experiments the cat tissues used for bradykinin 


assay responded to concentrations of the peptide of 
2—8 ng per ml of bathing blood. They were insensitive 
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Vascular response and release of kinin following chorda lingual nerve stimulation before and after 


atropine. The tracings show contractions of kitten terminal ileum (KTI); submandibular gland blood flow (BF): 
and blood pressure, mmHg (BP). Before atropine, KTI contractions in response to chorda stimulation at a 
frequency of 5 Hz (C) and to bradykinin 1 ng/ml (B), were enhanced by bradykinin potentiating penta-peptide 
(BPPs,), 2 ug/ml. BPPs, and bradykinin were added to the blood leaving the gland on its way to superfusing the 
tissues. After atropine (250 pg/kg l.v.)BPP,, did not potentiate the KTI response to chorda stimulation. 


to bradykinin in 4 experiments and only the responses 
to chorda stimulation of the other assay organs (rat 
colon, chick rectum, rat stomach strip) were studied. 
In 10 of the 13 dogs, chorda lingual nerve stimulation 
for 2 min at frequencies of 2—10 Hz led to salivation 
and vasodilatation, and to contraction of the cat 
tissues (see left side of Figure 1 and Figure 3). These 
contractions were not due to a higher oxygen tension 
in the venous effluent during gland activity because 
this would have caused contraction of all the assay 
tissues, which was not observed. The rat colon (not 
shown in Figures 1 and 3) relaxed following each 
stimulation period, whereas it contracted when the 
Po, of the superfusing blood was raised by changing 
from the venous effluent of the gland to femoral 
arterial blood (see Figure 6). 

Addition of bradykinin-potentiating peptide (BPP) 
to the blood leaving the gland potentiated the 
responses (Figure 1) of the cat tissues to bradykinin 
and to the substance released on chorda stimulation in 
3 experiments with BPP>, and 4 with BPPo, 
(1—10 pg/ml). This suggests that chorda stimulation 
induced release of kallikrein or kinin from the gland. 

In 5 of the 10 experiments in which kinin release 
was detected, the vasodilator response in the gland 
remained steady with successive chorda lingual nerve 
stimulation periods, although the output of kinin 
diminished. In the other 5 both the vasodilatation and 
the kinin release remained similar to the initial values 
for several stimulation periods: in these experiments 
raising the frequency of stimulation from 2 to 10 Hz 


increased both vasodilatation and kinin release 
(Figure 2). Thus in the range of stimulus frequencies 
used, both responses were graded and observed 
vasodilatation was accompanied by detectable 
amounts of kinin. 


Intra-arterial infusion of bradykinin potentiating 
peptide 


If the bradykinin released during activation of the 
gland were responsible for the vasodilatation, the latter 
should be potentiated by BPP. In two experiments, 
infusion of BPP, (10 g/min) into the lingual artery 
did not affect the vascular responses to chorda lingual 
nerve stimulation at 2 and 10 Hz but did enhance the 
contractions of the kitten terminal ileum (KTI). Intra- 
arterial infusion of bradykinin also produced 
vasodilatation and subsequently KTI contraction and 
systemic hypotension. The vasodilatation was 
enhanced by BPP in one experiment and the systemic 
hypotension and tissue contractions were increased in 
both experiments. 


Effect of atropine 


Atropine (0.2—1 mg/kg, iv.) blocked the secretory 
response to chorda stimulation, but not the vasodilator 
response. The first vasodilator response to chorda 
stimulation after atropine was usually greater and 
more prolonged than that found before atropine, and 
this was accompanied by a greater than normal 
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Figure 2 Effect of changing the frequency of chorda stimulation on submandibular blood flow and on the 
contractions of the kitten terminal ileum (KTI). C=chorda stimulation at 2, 5 or 10 Hz; B= bradykinin 4 or 
8 ng/ml of blood superfusing the KTI. 
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Figure 3 Vascular response and release of kinin following chorda lingual nerve stimulation. Abbreviations as 
in Figure 1. The output of kinin and the vascular response to chorda stimulation, 10 Hz (C) were both Increased 
immediately after atropine, (200 pg/kg i.v.). With repeated stimulation, vasodilatation returned to the control 
level but kinin release diminished to zero. Atropine, if anything, increased the sensitivity of the KTI as the 
response to kallikrein (K) 60 pu/ml was greater than to K 100 pu/ml given before atropine. 
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release of kinin-like material (Figures 1 and 3). In 
some cases the delayed return to the baseline was the 
most obvious effect. 

In 4 experiments the cat tissue contractions 
diminished with successive stimulation periods and the 
vascular responses returned towards or were even 
below the control values (Figure 3). In two of these 
experiments BPP was administered during the 
stimulation period but still no kinin-like material was 
detected. In six other animals chorda stimulation led to 
contraction of the cat assay tissues even after four or 
five stimulation periods, but the tissue contractions 
were not significantly potentiated by BPP (Figures 1 

and 4). Figure 4 also shows that atropine did not 
diminish the contractions of the cat tissue in response 
to bradykinin, nor affect the increased contraction 
found with simultaneous infusion of BPP and kinin. 
The cat tissue contractions remaining after atropine 
were unlikely to be due to a change in Po, as the other 
assay tissues did not contract at the same time. 

A second dose of atropine did not lead to a further 
increase in kinin release or an increased vasodilator 
response to stimulation of the chorda lingual nerve. 


Effect of increasing interstitial kinin concentration 


Kallikrein concentration in the interstitium may be 
raised by stimulation of the chorda with the excretory 
duct clamped, or by retrograde infusion of kallikrein 
(e.g. in saliva) into the salivary duct. These 
manoeuvres should increase blood flow above normal 
if kallikrein mediates the vasodilatation. 

In three experiments the salivary duct was clamped 
during stimulation of the chorda lingual nerve before 
the administration of atropine. Clamping the duct 
invariably enhanced the effect of chorda stimulation 
on the kinin released into the blood but not on the 
vasodilator response. 

Retrograde infusion of saliva into the sub- 
mandibular gland duct was performed in 4 
experiments when there was no release of kinin on 
chorda stimulation after atropine. On stimulation of 
the chorda lingual nerve substantial amounts of kinin 
were released in all cases (Figures 5a and b). The 
vasodilator response was increased in one experiment 
(Figure 5a), reduced in two (e.g. Figure 5b) and 
unchanged in one. 


Release of other mediators 


In an attempt to explain the atropine-resistant 
vasodilatation, which was not accompanied by kinin 
release, alternative mediators were considered by 
parallel assays on the rat stomach strip, chick rectum 
and rat colon. In 14 out of the 17 experiments chorda 
lingual nerve stimulation led to the following 
responses: the rat stomach strip relaxed or relaxed and 
contracted. The response usually persisted after 


205 f 


300 


Contraction of cat assay tissues 
(% control) 





© BPP t 


C BPP C BPP 
Chorda Kinin Chorda Knin 
Atropine 


Figure 4 Effect of bradykinin potentiating peptide 
(BPP) on contractions of cat or kitten terminal ilaum 
or cat jejunum in response to chorda stimulation or to 
the addition of bradykinin or kallikrein to the 
superfusing fluid. The six experiments are shown In 
which atropine did not abolish contractile responses 
to chorda stimulation. Control responses (C) were 
elicited by standard stimuli (5 or 10 Hz, supra- 
maximal voltage) and standard kinin doses, and the 
effects of BPP expressed as a % of these responses. 
Mean values are shown; Vertical! lines show s.e. 
mean. Palred t-tests Indicated that before atropine 
BPP significantly increased tissue contractions 
Induced by chorda stimulation and by bradykinin 
(P<0.01). After atropine, BPP significantly increased 
the effect of kinin (P<0.01), but not of chorda 
stimulation. There was no significant difference 
between the BPP-enhanced responses to kinin before 
and after atropine, but the effects of chorda 
stimulation were significantly reduced (P < 0.01). 


atropine, but often only relaxation developed. The 
responses of the chick rectum were inconsistent. The 
rat colon consistently relaxed, although a small 
contraction was occasionally seen afterwards. The 
response was usually unaffected by atropine 
(Figure 6). This relaxation excluded prostaglandins as 
mediators of the chorda vasodilatation since they 
contract the colon. Stimulation of the vago- 
sympathetic trunk and massage of the gland also did 
not lead to tissue responses typical of prostaglandins. 
Furthermore, the administration of aspirin (100 mg/kg 
i.v.) to 2 dogs and indomethacin (1-2 mg/kg i.v.) to 3 
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Figure 5 Blood flow (BF) and appearance of kinin on chorda lingual nerve stimulation at frequencies of 5 or 
10 Hz (C5, C10) after infusion of saliva 0.1 ml/min retrogradely into the submandibular duct in dogs treated 
with atropine (1 mg/kg i.v.). (a) CTI, contractions of cat terminal ileum. (b) KTI, contractions of kitten terminal 
ileum. Note that in (a) kinin only appears following stimulation of the nerve, whereas in (b) there is an increase 
in basal blood flow and appearance of kinin before chorda stimulation. 


dogs had no effect on the responses to para- 
sympathetic nerve stimulation. 

The responses of the isolated tissues induced by 
chorda stimulation or by bradykinin either before or 
after atropine were not due to a higher Po, in the 
superfusate; in 3 experiments tissues superfused with 
blood from the femoral artery produced a different 
pattern of responses (Figure 6). 


Discussion 


Perhaps the most intriguing feature of this investiga- 
tion was the evidence that kallikrein or kinin was 
released into the venous outflow from the sub- 
mandibular gland during chorda lingual nerve 
stimulation before atropine; yet, kallikrein did not 
appear to be responsible for the vasodilatation. 
Stimulation of the chorda led to contractions of the 
cat assay tissues, and their enhancement by BPP 
suggested that stimulation of the chorda lingual nerve 
before atropine, could induce the release of bradykinin 
or kallikrein into the venous effluent. If kallikrein were 


released from the gland, the kinin detected would be 
generated in the venous blood between the gland and 
the assay tissues. In the perfusion experiments of 
Hilton & Lewis (1956) kallikrein and not kinin was 
detected after chorda stimulation. The present 
experiments do not distinguish which of the two 
factors was released. 

Several factors argue against a role for kinins in 
mediating the vasodilator response to chorda 
stimulation. Increasing the interstitial kallikrein con- 
centration by back infusion of saliva or by chorda 
stimulation with the excretory duct clamped, did not 
lead to significantly increased vasodilator responses. 
In some animals, repeated chorda stimulation led to a 
diminishing kinin output without a corresponding 
diminution in the vasodilator response. Following 
atropine, the output of kinin always declined to 
undetectable levels while the vasodilatation persisted. 
The contractions of the cat assay tissues seen in six 
experiments after atropine were not potentiated by 
BPP, and therefore not due to kinin. It seems unlikely 
that the amount of kinin required to cause vaso- 
dilatation was below the threshold of our assay system 
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Figure 6 Chorda lingua! nerve stimulation and appearance of rat colon (RC) relaxing and cat terminal Ileum 
(CTI) contracting material; C5, C10=chorda lingual nerve stimulation at 5 or 10 Hz. After atropine the 
contractile response of the CTI disappeared although the tissue remained sensitive to bradykinin (B 4 ng/ml}, 
whereas relaxation of the rat colon persisted. During the break in the record after atropine, there were six 
periods of chorda stimulation. Superfusion with femoral arterlal blood induced a different pattern of responses 


from that caused by chorda stimulation. 


because the relationship between stimulus frequency 
and kinin-output (Figure 2) was such that the vaso- 
dilator responses seen after atropine would be 
associated with detectable amounts of kinin. There 
was no change in tissue response to kinin as atropine 
did not reduce the sensitivity to injected bradykinin. 
Furthermore, BPPo, given intra-arterially failed to 
enhance the vasodilator response to chordą 
stimulation although it did increase the contractions of 
the cat tissues and the vasodilatation produced by 
bradykinin. Similar observations were made in the cat 
by Schachter, Barton & Karpinski (1973), who also 
used BPPy,, and by Smaje (1967) who employed 
mercaptoethanol in the rabbit to inhibit the kinin- 
destroying enzymes. Evidence for an atropine- 
resistant vasodilatation in glands perfused with media 
lacking substrate for kallikrein also casts doubt on 
claims that kinin mediates the vasodilatation (Bhoola 
et al., 1965; Gautvik, 1970a; Poulsen, 1975). 

If kinin does not produce the vasodilatation, could 
vasodilatation partly determine the amount of kinin 
released into the venous effluent? This could explain 
the relationship between stimulus frequency and kinin 
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release (Figure 2) and the parallel increase in kinin 
output and vasodilatation following the first stimulus 
after atropine. Increased glandular blood flow could 
have increased the washout rate of the interstitial 
space, possibly by increased convective mixing in the 
interstitium (Melander & Lundgren, 1968), thus 
carrying more kallikrein into the venous effluent. 
However, as atropine blocks the release of kallikrein 
from the gland successive chorda stimulations lead to 
less and less kinin in the venous output due to 
exhaustion of the kallikrein remaining in the ducts. 

A reduction in kallikrein output after atropine had 
been noted by Hilton & Lewis (1956) but reduction to 
zero was not seen. This might have been because these 
authors apparently included in their collection 
glandular perfusate from the first stimulus after 
atropine. Atropine also prevents the consumption of 
kininogen by salivary kallikrein, which is specifically 
increased by chorda stimulation (Gautvik, Hilton & 
Torres, 1970). The inference from these experiments 
and those of the present paper is that the release of 
kallikrein by chorda stimulation, like the rest of the 
components of saliva, is prevented by atropine. Thus 
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kallikrein can be released by chorda stimulation and 
can contribute to the accompanying functional 
vasodilatation, but it is not the main mediator and it is 
not involved in the vasodilator response remaining 
after atropine. 

In the present experiments the blood bathing the 
assay tissues came from two sources; the gland and 
the external jugular vein. During vasodilatation the 
proportion of gland blood increased and this could 
have contributed to the observed effects. However, 
chorda stimulation induced kinin release, before but 
not after atropine, whereas the blood flow increase 
was similar in both instances (Figures 1, 2 and 4). This 
implies that the superfusate contained similar 
proportions of blood to the gland and that the lack of 
kinin release after‘atropine was not an artefact. 

The vasodilator substance released from the 
atropine-treated gland was not a prostaglandin as the 
responses of the assay tissues to prostaglandins 
differed from those induced by chorda stimulation. 
Also the effects of chorda stimulation were not 
affected by aspirin and indomethacin which block pro- 
staglandin synthesis (Vane, 1971; Ferreira, Moncada 
& Vane, 1971). Histamine and potassium ions have 
been eliminated by previous investigations (Hilton & 
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5-HYDROXYTRYPTAMINE AND NORADRENALINE 
IN RABBIT [ISOLATED EAR ARTERY AND AORTA 


EIRA APPERLEY, P.P.A. HUMPHREY & G.P. LEVY 
Department of Pharmacology, Allen & Hanburys Research Limited, Ware, Hertfordshire SG12 ODJ 


1 5-Hydroxytryptamine (5-HT) is thought to be implicated in the vascular disturbances of the external 
carotid artery bed associated with migraine. As part of a study of the pharmacology of some 5-HT 
antagonists used in the treatment of migraine we have examined the interactions of these drugs with 5- 
HT and noradrenaline in rabbit isolated ear artery and aortic strip. The results provide new information 
on the distribution of 5-HT-receptors and a-receptors in these preparations. 

2 In the aorta, 5-HT and noradrenaline were of similar potency in producing contractions. 
Methysergide produced very small contractions and was about 1000 times less potent than the other 
two agonists. 


3 In the ear artery noradrenaline produced monophasic vasoconstrictor responses, whereas 5-HT 
and methysergide produced prolonged biphasic responses. 5-HT was about 700 times less potent and 
methysergide about 4500 times less potent than noradrenaline. Methysergide was a better agonist in 
the ear artery than in the aorta. Biphasic responses to 5-HT and methysergide were also obtained in 
ear arteries from reserpine-treated rabbits indicating that neither agonist was acting by releasing 
endogenous noradrenaline. 


4 Pizotifen, cyproheptadine and phentolamine had no agonistic actions in either the aorta or ear 
artery. 

5 In the aorta methysergide, pizotifen and cyproheptadine were potent antagonists of 5-HT and 
much weaker antagonists of noradrenaline, Phentolamine possessed the opposite profile of selectivity. 
These results show that there are distinct receptors for 5-HT and noradrenaline in rabbit aorta. 


6 In the ear artery the pA, values for each of the four antagonists were virtually identical against 
5-HT and noradrenaline and similar to those obtained on a-adrenoceptors in the aorta. We conclude 
that 5-HT and noradrenaline act directly at a-receptors to produce vasoconstriction in the ear artery 
and that this preparation does not contain specific 5-HT-receptors. 


7 This insight into the distribution of 5-HT-receptors and a-receptors allows interpretation of the 
various actions of methysergide. In the aorta, methysergide was a potent antagonist at 5-HT-receptors 
and a weak partial agonist at a-receptors. In the ear artery, methysergide was a partial agonist at a- 
receptors; it was only a weak antagonist of 5-HT because this preparation does not contain specific 5- 
HT-receptors. 

8 The cross-reactivity demonstrated throughout these experiments indicates that 5-HT-receptors and 
a-receptors, although distinct entities, have features in common. 

9 These results are discussed in relation to the mode of action of methysergide, pizotifen and 
cyproheptadine in the treatment of migraine. 


Introduction 


Although the aetiology of migraine is not clear there is 
considerable evidence implicating 5-hydroxytrypt- 
amine (5-HT) in the vascular disturbances of the 
external carotid artery bed associated with the 
syndrome (see Lance, Anthony & Hinterberger, 
1970), Methysergide, a proven migraine prophylactic 
drug, is well known as a 5-HT antagonist (see Fozard, 


1975 for references). However, recent studies reveal 
that methysergide also has an agonistic vaso- 
constrictor action in the carotid vasculature (Fozard, 
1973; Saxena, 1974; Apperley, Humphrey & Levy, 
1974). As part of a wider study into the mechanisms 
of action of drugs used in the treatment of migraine we 
have analysed the agonistic and antagonistic actions 
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of methysergide at the receptor level. Two other drugs 
used in the treatment of migraine and known to 
interact with 5-HT, namely pizotifen and 
cyproheptadine, have also been examined. It was hoped 
that a better understanding of the actions of these drugs 
at the receptor level would help to explain their 
therapeutic effects and also provide clues about the 
aetiology of the syndrome. Experiments have been 
carried out with the rabbit central ear artery, a branch 
of the external carotid artery, and for comparison, the 
aorta. The results show that methysergide, pizotifen 
and cyproheptadine can act on both 5-HT and 
noradrenaline receptors and provide new insight into 
the distribution of these receptors in the two pre- 
parations. 

Some of these results were presented to a meeting of 
the British Pharmacological Society (Apperley, 
Humphrey & Levy, 1974). 


Methods 


New Zealand white rabbits of either sex, body weight 
2—3 kg, were used. 


Rabbit aortic strip 


Thoracic aortic arteries were removed from animals 
killed with pentobarbitone (400 mg i.v.). The aortae 
were cut spirally into strips as described by Furchgott 
& Bhadrakom (1953), four preparations being 
obtained from each animal. Each strip was suspended 
in a 20 ml organ bath containing a modified Krebs 
solution. Tension was measured with a Statham 
Microscale Accessory (Model ULS) attached to a 
Statham Universal Transducing Cell (Model UC3). 
Strips were approximately 2 cm in length at an applied 
resting tension of 400—500 mg. 

Preparations were left for 3 h before the start of the 
experiment. During this period three doses of 
potassium chloride (3.0x 10-7? mol/l) were 
administered at intervals of 45—60 minutes. The 
resting tension decreased slightly and the size of the 
contractile response to potassium chloride increased 
to an almost constant level. 

A single agonist (noradrenaline, 5-HT, 
methysergide or potassium chloride) was administered 
cumulatively to each strip. Increase in tension, 

‘expressed as % maximum response, was plotted 
against agonist concentration on a log scale. The 
potency of each agonist was calculated from its 
concentration-effect curve. The agonist was then 
washed from the bath and the potency of an 
antagonist (phentolamine, methysergide, pizotifen or 
cyproheptadine) determined in the same preparations. 
Graded concentrations of antagonist were added to 
three of the strips whilst the fourth strip acted as a 
control. After 30 min, concentration-effect curves to 
the agonist were re-determined in all four strips. The 
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degree of antagonism was quantified in terms of the 
dose-ratio, which was determined by the ratio of the 
EC,, values before and after the addition of 
antagonist. Correction was made for any spontaneous 
change in sensitivity by dividing the dose-ratios 
obtained in the strips exposed to antagonist by the 
dose-ratio obtained in the control strip. The sensitivity 
of the control strips to the various agonists decreased 
during the experiments by about 2-fold. The results 
were plotted graphically in the form of a Schild plot as 
log (agonist dose-ratio —1) on log antagonist con- 
centration (mol/1) (Arunlakshana & Schild, 1959). 
The slope of the regression and the pA, value were 
estimated. 


Rabbit isolated ear artery 


Right and left auricular arteries were removed from 
animals anaesthetized with pentobarbitone (36 mg/kg 
i.v.) The vessels were carefully cleared of all 
connective tissue and perfused intraluminally with 
modified Krebs solution at a constant flow rate of 
7 ml/min by means of a peristaltic pump (H.R. Flow 
Inducer, Watson-Marlow Ltd.). The distal end of the 
artery was not cannulated, so that the perfusion fluid, 
after contact with the intraluminal surface, bathed the 
extraluminal surface before being removed by 
overflow. The bath volume was thereby kept at a 
constant volume of 15ml. Changes in intraluminal 
pressure were recorded from a pressure transducer 
(Bell & Howell Ltd., type 4—422-—0001) attached to a 
side arm of the perfusion cannula. Bolus injections of 
the agonists were made into the perfusion fluid 
immediately before its passage through the peristaltic 
pump. A constant injection volume of 100 pl which 
produced no injection artefact was used. This 
procedure is similar to that described by de la Lande 
& Rand (1965). 

Paired preparations from the same animal were 
used in parallel experiments. The arteries were 
perfused for 60 min before the experiment started. A 
single agonist was then administered at 5 or 6 dose- 
levels to the two arteries, with a 5—10 min interval 
between doses. Increase in perfusion pressure was 
plotted against dose on a log scale. The potency of 
each agonist was estimated from the dose-effect 
curves. The potency of an antagonist was then 
determined in the same two preparations. One artery 
acted as a control and was perfused with Krebs 
solution alone. The second artery was perfused for 
30 min with Krebs solution containing the test 
antagonist. Agonist dose-effect curves were then re- 
determined in test and control arteries. This procedure 
was repeated twice more using successively higher 
concentrations of antagonist. Since maximum 
responses were rarely obtained and individual dose- 
response curves varied slightly in shape, dose-ratios 
were estimated at arbitrarily determined response 
levels on the linear portion of the curves. Dose-ratios 
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were corrected for spontaneous changes in sensitivity. 
The sensitivity to vasopressin decreased during the 
experiment by about 2-fold; sensitivity to 
noradrenaline, S-HT or methysergide usually 
increased, the maximum increase being 5-fold. The 
results were analysed by the Schild plot as described 
under rabbit aortic strip. 


Pretreatment with reserpine 


Reserpine was dissolved in distilled water containing 
20% w/v ascorbic acid. Rabbits were injected with 
reserpine (1 mg/kg ip.) 18h before removal of the 
arteries. This procedure has been shown to eliminate 
the indirect action of tyramine, which results from 
release of endogenous noradrenaline (Farmer, 1966). 


Physiological saline 


A modified Krebs solution with the following 
composition (mmol/l) was used: Nat 143.4, Kt 5.9, 
Mg*+ 0.6, Catt 1.3, CI 124.5, H,PO,- 1.2, SO,*+ 
0.6, HCO,” 25.0, glucose 11.1, gassed with 95% O, 
and 5% CO, at 37°C. 


Drugs 


The following drugs were used: (—)-noradrenaline 
bitartrate, mol. wt. 337.3 (Koch-Light), 5-hydroxy- 
tryptamine creatinine sulphate, mol. wt. 405.4 (Koch- 
Light), methysergide bimaleate, mol. wt. 469.5 
(Sandoz), pizotifen hydrogen maleate, mol. wt. 295.4 
(Sandoz), phentolamine methane sulphonate, mol. wt. 
337.5 (Ciba), cyproheptadine hydrochloride, mol. wt. 
350.9 (Merck Sharp & Dohme) and lysine-vaso- 
pressin mol. wt. 1056.3 (Sigma). 5-HT, methysergide, 
pizotifen and cyproheptadine were dissolved in 
distilled water, and phentolamine and vasopressin in 
0.9% w/v NaCl solution (saline). Noradrenaline was 
dissolved in saline containing ascorbic acid 


(0.2 mg/ml). 


Table 1 
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Figure 1 Rabbit aortic strip. Concentration-effect 
curves for noradrenaline (O), 5-hydroxytryptamine (0), 
methysergide (A) and potassium chloride (@). Each 
point is the mean response from 8 strips, each taken 
from a different anlmal. Vertical lines show s.e. mean. 
Note the very weak agonistic action of methyserglde. 


Results 


Rabbit aortic strip 


Agonists Potassium chloride produced contractions 
of the aorta in the concentration-range 
3.0 x 10-3~-2.0 x 10-! mol/l with a maximum tension 
of 1.0+0.1g (mean+s.e. mean, n==8) (Figure 1). 
Noradrenaline and 5-HT produced contractions 
over similar concentration ranges, 1.0x 
1078&—5.0 x 10-5 mol/l, with a maximum tension 
of 1.3+0.2 g (n=8) and 0.7 + 0.1(n=8) respectively. 
5-HT (EC, 1.7x 10-7 mol/]) was about 4 times less 
active than noradrenaline (EC,, 4.3 x 10-8 mol/l) 


(Figure 1). 


Effect of pretreatment with high concentrations of noradrenaline or 5-hydroxytryptamine on 


contractile responses to methysergide or histamine In rabbit aortic strip 


Pretreatment Agonist 
Noradrenaline Methysergide 
(5.0 x 10-8 mol) 
6-Hydroxytryptamine Methysergide 
(5.0 x 10-§ mol/l} 

Noradrenaline Histamine 


(5.0 x 10-5 mol) 


Each value is the mean of 4—8 determinations (range). 


Maximal response as % of the 
maximal response in strips 
pretreated with potassium 
chloride (3.0 x 10-7 moijij 

19 (0-34) 
101 (49-198) 


87 (680-121) x 


% 
214 


Methysergide was a weak agonist over the 
concentration-range 1.0x 10-5—1.0x 10-4 mol/l 
(Figure 1), the response at the highest concentration 
being 0.14 +0.04 g (n=8), which is only 11% of the 
maximum contraction produced by noradrenaline. 
Comparison of potencies at this level shows that 
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methysergide is over 1000 times less potent than 
noradrenaline or 5-HT. Concentrations of methy- 
sergide higher than 1.0x 10-* mol/l were not tested 
because this was the practical limit of its solubility. 
During the course of these experiments we noticed 
that methysergide was even less active in preparations 


Table 2 Interactions between agonists and antagonists in rabbit aortic strip 
Agonist 
Antagonist Noradrenaline 5-hydroxytryptamine 
Phentolamine pA, 7.96 6.21 ‘ 
(7.76-8.16) (5.52-6.90) 
Slope 0.91 0.93 
(0.79-1.03) (0.60-1.26) 
Pizotlfen pA, 6.69 9.42 
(6.23~7.15) (8.18—10.66) 
Slope 0.78 1.01 
(0.53-1.03) (0.29—1.73) 
Cyproheptadine pA, 6.69 8.73 
(6.05-7.33) (8.36-9.10) 
Siope 1.02 0.90 
(0.69-1.35) (0.71—1.09) 
Methysergide pA, 5.29 8.49 
(4.95-5.63) (7.85-9.14) 
Slope 1.20 0.78 
(0.74-1.66) (0.51—1.05) 


Each value Is the mean (95% confidence limits) of 4—8 separate estimates. Tissues exposed to antagonists for 
30 min before agonlst concentration-effect curves re-determined. 


Table 3 Comparison of the specific and non-specific blocking actions of phentolamine, pizotifen, 
cyproheptadine and methysergide in rabbit aortic strip 


Agonist dose-ratio at antagonist concentration (mol/l) of 


Antagonist Agonist 1.0x10-° 
Phentolamine 5-Hydroxytryptamine oe 
Potassium chloride oo 
Plzotifen Noradrenaline 4.0 
(3.0-5.3) 
Potassium chloride 0.9 
{0.8—1.1) 
Cyproheptadine Noradrenaline 74 
(6.78.0) 
Potassium chloride 2.4 
(1.8-3.1) 


Methysergide 


Noradrenaline 


Potassium chloride 


an 
5.0 x 10-# 1.0x 10-5 1.0x 10+ 
m 11 92 
(6-22) (56-151) 
oe 1.2 3.7 
(0.8—1.8) (2.6—5.5) 
25 50 —— 
(20-31) (32—79} 
2.9 4.9 oe 
(2.5~3.3) (3.5-6.6) 
42 96 — 
(25-71) (64—145) 
5.2 5.0 — 
(3.7~7.3) (3.4-7.2) 
— 2.6 22 
(1.7—3.9) (14—33) 
— 0.7 0.9 
(0.5—1.0) (0.6—1.6) 


Each value is the mean of 4—8 determinations (95% confidence limits). Tissues exposed to antagonists for 
30 min before agonist concentration-effect curves re-determined. For each antagonist the potassium chloride 
blocking action is compared with the weaker of the two amine blocking actions. 
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Figure 2 Rabbit isolated ear artery. Vasoconstrictor responses to bolus Injections of noradrenallne (NA), 
vasopressin (VASO), 5-hydroxytryptamine (5-HT), methysergide (Meth) and tyramine (Tyr) (a) In normal arteries 
and {b} In arteries removed from reserpine-treated rabbits. Doses are expressed in mol. Note that reserpine- 
treatment converts the prolonged response to tyramine to a transient response but has no effect on the prolonged 


responses to 6-HT and methysergide. 


previously exposed to noradrenaline and the 
phenomenon was further investigated. In each 
experiment two aortic strips were exposed to either 
noradrenaline (5.0x 10- mol/l) or 5-HT 
(5.0x 1076 mol/l) and the other two strips to 
potassium chloride (3.0x 10-7 mol/l), the con- 
centrations of each agonist being selected to produce a 
virtually maximal response. The agonists were washed 
out after 10min and the strips left for 90min 
before concentration-effect curves to either methy- 
sergide (1.0x10-°—1.0x10-4 mol/l) or histamine 


(1.0 x 10-8—1.0x 10-* mol/l) were determined. The 
results are summarized in Table 1. Prior exposure to 
noradrenaline, but not to 5-HT, greatly reduced the 
maximal response to methysergide. In contrast, the 
maximal response to histamine was unaffected by prior 
exposure to noradrenaline. 


Phentolamine(1.0 x 10-8—1.0 x 10 mol/l), pizotifen 
(1.0 x 10-8-1.0 x 10-4 mol/l), cyproheptadine (1.0 x 
10°-*—1.0 x 10~ mol/l) and vasopressin (0.8 x 107-!°— 
0.8 x 10-7 mol/l) were not agonists. 
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Figure 3 Rabbit Isolated ear artery. Dose-effect 
curves for vasopressin (@), noradrenaline (O), 5- 
hydroxytryptamine (©) and methysergide (A). Each 
point Is the mean response from 16 arteries obtained 
from eight animals. Vertical lines show s.a. mean. 
Note that 5-HT and methysergide are considerably 
legs potent than noradrenallne. 


Antagonists Methysergide, pizotifen, cypro- 
heptadine and phentolamine were investigated as 
antagonists of 5-HT and noradrenaline. The results 
are summarized in Table 2. Each caused parallel 
concentration-dependent shifts to the right in the 5-HT 
and noradrenaline concentration-effect curves. The 
Schild plots were linear with slopes not significantly 
different from unity. These findings suggest 
competitive antagonism in each case. 

For each antagonist there was a clear difference in 
potency against 5-HT and noradrenaline (Table 2). 
Methysergide, pizotifen and cyproheptadine were 
potent 5-HT antagonists and much weaker nor- 
adrenaline antagonists. Phentolamine had the opposite 
profile of selectivity. 

The effect of these antagonists on contractile 
responses to potassium chloride was also examined in 
order to distinguish between specific and any non- 
specific blocking activity. The results, summarized in 
Table 3, show that over the concentration ranges 
tested these antagonists possess little non-specific 
blocking activity. 

The effects of antagonists on the small contractile 
responses to  methysergide (1.0x 107$- 
1.0x 10-4 mol/l) were also investigated. These 


responses were abolished by phentolamine at a con- 
centration (1.0x10-* mol/l) which antagonized 
noradrenaline with little or no effect on 5-HT, but were 
only slightly antagonized (methysergide dose-ratio of 2 
to 3, m=4) by pizotifen at a concentration 
(1.0 10-7 mol/l) which produced a dose-ratio of about 
400 against 5-HT. 


Rabbit isolated ear artery 


Agonists Individual vasoconstrictor responses are 
shown in Figure2 and dose-response curves in 
Figure 3. 

Vasopressin (8.0 x 10-!7—4.0 x 107!° mol) 
produced prolonged responses, usually monophasic 
but occasionally biphasic, with a maximal response of 
106+ 21 mmHg (mean + s.e. mean, n= 6). 

Noradrenaline (1.0x10—-!!—2.0x 10-9 mol) 
produced transient monophasic responses with a 
maximal or near-maximal response of 130+ 13 mmHg 
(n= 16). 

Responses to 5-HT (1.0x 10-8§—1.0x 1076 mol) were 
prolonged and biphasic, with the initial phase 
consistently larger but of shorter duration than the 
second phase. Results have been presented only for the 
initial phase. 5-HT produced a near-maximal response 
of 131+9 mmHg (n=16) at 1.0x10-° mol; it was 
about 700 times less potent than noradrenaline, in 
contrast to the finding in the aorta where these two 
agonists were similar in potency. 

Methysergide was a better agonist in the ear artery 
than in the aorta. The responses were prolonged and 
often two phases could be distinguished, an initial 
phase of short duration and a prolonged and slightly 
larger second phase. Results have been presented only 
for the second phase. At 1.0x 10-6 mol, the highest 
dose that could be tested, methysergide produced a 
response of 93 + 12 mmHg (n= 16). Methysergide was 
about 6 times less potent than 5-HT and about 4500 
times less potent than noradrenaline. The sensitivity of 
the ear artery to methysergide was not reduced by prior 
exposure to noradrenaline, in contrast to our findings in 
the aorta. 


In order to determine the concentration-range over 
which methysergide was an agonist, a second series of 
experiments was carried out in which the drug was 
perfused intraluminally in graded concentrations 
instead of being given by bolus injection. In four 
arteries, threshold vasoconstriction (5% of the 
maximum response to noradrenaline) occurred at 
1.0x 10~* mol/l and maximum vasoconstriction (76% 
of the maximum response to noradrenaline) at 
1.0x10-* mol/L. 

Experiments were carried out in arteries from 
reserpine-treated rabbits to determine whether part of 
the response to 5-HT or methysergide was mediated 
through release of endogenous noradrenaline. 
Responses to 5-HT and methysergide were unchanged 
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Figure 4 Rabbit Isolated ear artery. Dose-effect curves to noradrenaline (a) in a control artery perfused with 
Krebs alone and {b} in a test artery perfused with Krebs plus pizotifen. In each artery the first (O) second (A), 
third (CO) and fourth (©) dose-effect curves were determined at Intervals of about 30 minutes. Pizotifen was 
perfused at 2.0 x 10-8, 4.0 x 1078 and 1.6 x 1075 mol/l for 30 min prior to the second, third and fourth dose- 
effect curves respectively. The dose-ratios calculated for successive dose-effect curves In the control artery 
were 0.4, 0.7 and 0.7 and In the test artery 7.7, 18.9 and 112. When corrections were made for changes In 
sensitivity in the control artery the dose-ratios In the test artery became 19.9, 29.0 and 153. These values gave 


a Schild plot with a pA, of 6.88 and a slope of 1.03. 


in these preparations (Figure 2). In contrast, the 
prolonged response to tyramine (1.0x10~* mol) 
obtained in arteries from untreated rabbits was 
converted to a transient response in arteries from 
reserpinized rabbits (Figure 2). 

Phentolamine (1.0x 10-6 mol) and cyproheptadine 
(1.0x10-* mol) had no vasoconstrictor activity. 
Pizotifen (1.0x10-* mol) produced a transient 
vasoconstriction (30—45 mmHg) after the first but not 
after subsequent doses. 


Antagonists Phentolamine, pizotifen and cypro- 
heptadine antagonized vasoconstrictor responses to 
5-HT, noradrenaline and methysergide. In every case, 
agonist dose-response curves were displaced to the 
right by the antagonist in a parallel, concentration- 
dependent manner (for example see Figure 4). Schild 
plots were linear with slopes not significantly different 
from unity. As in the aorta, these findings indicate 
competitive antagonism. The pA, values for each 
antagonist against 5-HT, noradrenaline and methy- 
sergide were virtually identical, which contrasts with 
the results in the aorta. These results are summarized 
in Table 4. 

We also noted that the two phases of the response 
to 5-HT were antagonized equally by phentolamine or 
pizotifen. The pA, and slope values for phentolamine 
were 8.41 (7.99-8.83) and 1.02 (0.54—1.50) against 


the initial phase (see Table 4) and 8.34 (8.10—8.58) 
and 0.86 (0.62—1.11) against the second phase; the 
corresponding values for pizotifen were 6.79 
(6.39—7.18) and 1.08 (0.77—1.39) against the initial 
phase (see Table 4) and 6.89 (5.70—8.08) and 1.25 
(0.65—1.84) against the second phase. Similarly, the 
two phases of the response to methysergide, when dis- 
tinguishable, were antagonized equally by 
phentolamine or pizotifen. 

Experiments were carried out in the ear artery, as in 
the aorta, to determine whether the antagonists 
possessed any non-specific blocking activity. The 
results, summarized in Table 5, show that 
phentolamine, pizotifen and cyproheptadine had little 
or no effect against vasopressin-induced vaso- 
constriction in concentrations that strongly anta- 
gonized noradrenaline. We conclude that these anta- 
gonists possess little or no non-specific blocking action 
over the concentration ranges tested. 

The ability of methysergide to antagonize 
constrictor responses to noradrenaline, 5-HT and 
vasopressin was also investigated. At 1.0x 1076 mol/l, 
methysergide sensitized the ear artery to noradrenaline 
and vasopressin but not to 5-HT (Table 6). Higher con- 
centrations of methysergide (1.0x10-4- 
1.0x10-4 mol/l) antagonized responses to nor- 
adrenaline and 5-HT but had little or no effect on those 
to vasopressin. The combination of sensitizing, vaso- 
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Table 4 interactions between agonists and antagonists in rabbit isolated ear artery 


Antagonist 


Phentolamine 


Pizotifen 


pA, 
Slope 


pA, 
Slope 


Cyproheptadine pA, 


Slope 


Noradrenaline 


8.09 
(7.64—8.64) 


6.57 
(6.15—6.98) 
1.00 


. (0.76-1.24) 


6.80 
(6.41—7.20) 
1.10 
(0.6 1—1.70) 


Agonist 


8.41 
(7.99-8.83) 
1.02 
(0.54-1.50) 
6.79 
(8.39-7.18) 
1.08 
(0.77-1.39) 
7.02 
(6.58—7.66) 
0.87 
(0.71~1.03) 


5-Hydroxytryptamine 


Methysergide 


8.25 
(7.96-8.54) 
0.88 
(0.75—1.02) 
6.95 
(6.48-7.42) 
1.07 
(0.45-1.69) 
7.04 
(6.59—7.49) 
1.25 
(0.67—1.52) 


Each value is the mean (95% confidence limits} of 4—8 separate determinations. Tissues exposed to 
antagonists for 30 min before agonist dose-effect curves re~-determined. 


Table 6 Comparison of the specific and non-specific blocking actions of phentolamine, pizotifen and 
cyproheptadine in rabbit isolated ear artery 


Agonist dose-ratio at antagonist concentration (mol/l) of 


Antagonist Agonist 


1.0x 10 1.0x 107? 1.0x 10-8 4.0x 1078 
Phentolamine Noradrenaline 2.7 9.0 — — 
(1.8-3.9) (4.3—19.2) ae — 
Vasopressin 1.2 1.9 — — 
(0.8—1.7) (1.0—3.3) 
Pizotlfen Noradrenaline ~ — — 4.4 19 
(2.1—9.3} (9-42) 
Vasopressin — — 0.9 1.1 
(0.6—1.2) (0.8—1.7) 
Cyproheptadine Noradrenaline — — 7.7 34 
(5.4—10.9) (13-85) 
Vasopressin — — 2.5 Sel 
(1.3—4.5) (2.2—6.3) 


Each value is the mean of 4—8 determinations (95% confidence limits). Tissues exposed to antagonists for 
30 min before agonist dose-effect curves re-determined. 


Table 6 Effects of methysergide on responses to noradrenaline, 5-hydroxytryptamine and vasopressin In 
rabbit Isolated ear artery 


Agonist dose-ratio at methysergide concentration {molli} of 


1.0x 10 1.0x 1075 1.0x 10+ 

Noradrenaline 0.24 3.7 89 
(0.15-0.36) (1.8-8.2) (29—279) 

5-Hydroxytryptamine 1.2 29 343 
(0.62—2.3) (10-83) (6867—1758) 

Vasopressin 0.36 0.86 3.6 
(0.22—0.60) {0.23-3.4) {1.3—10.1) 


Each value is the mean of 4 determinations {95% confidence limits). Dose-ratios greater than unity indicate 
antagonism, those less than unity Indicate sensitization. Tissues exposed to methysergide for 30 min before 
agonist dose-effect curves re-determined. 


rit 


constrictor and blocking properties present in methy- 
sergide makes it difficult to quantify its antagonist 
potency. However, it is worth noting that methysergide 
was a much weaker antagonist of 5-HT in the ear artery 
than in aorta, but was similar in potency against 
noradrenaline in these two preparations. 


Discussion 


Monophasic and biphasic responses to agonists in the 
ear artery 


Noradrenaline produced transient monophasic 
responses in the ear artery, whereas 5-HT and methy- 
sergide produced prolonged biphasic responses. 
Because these prolonged responses resembled those 
obtained with tyramine and because 5-HT has been 
shown to act by releasing endogenous noradrenaline 
in some tissues (Innes, 1962), we sought evidence of 
such an action in the ear artery. Responses to both 
5-HT and methysergide were unchanged in arteries 
from reserpine-treated rabbits, as found by Fozard 
(1973), indicating that neither drug was acting by 
releasing noradrenaline. The biphasic responses to 5- 
HT and methysergide probably occur because of the 
method of administration of the agonists (Apperley & 
Humphrey, 1976), the initial phase being caused by 
diffusion of drug through the intraluminal surface to the 
smooth muscle cells immediately after injection, and 
the second phase by diffusion through the extraluminal 
surface after the drug bolus has traversed the length of 
the artery and entered the fluid in which the artery is 
immersed. The response to noradrenaline is 
monophasic because noradrenaline is rapidly 
inactivated, mainly by Uptake,, during diffusion 
through the extraluminal surface (de la Lande, Frewin 
& Waterson, 1967). 


Receptors for noradrenaline and 5-hydroxytrypt- 
amine in aorta and ear artery 


The data obtained from this study provide new 
information on the distribution of (noradrenaline) a- 
receptors and 5-HT-receptors in the rabbit aorta and 
ear artery. We used antagonists to classify the 
receptors involved and assumed that the pA, value 
corresponds to the affinity constant (Furchgott, 1972). 
This seems to be a reasonable assumption since, 
invariably, the noradrenaline and 5-HT dose-response 
curves were displaced to the right in a parallel manner 
by the antagonists, the Schild plots had slopes not 
significantly different from unity, and the possibility of 
non-specific antagonism had been eliminated. 

The results show that noradrenaline and 5-HT act 
on different receptors in rabbit aorta. Phentolamine 
was a potent antagonist at the (noradrenaline) a- 
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receptors, and methysergide, pizotifen and cypro- 
heptadine were potent antagonists at the 45-HT- 
receptors. The pA, values obtained with these 
antagonists agree well with those obtained in other 
tissues containing a-receptors (Gulati, Parikh & 
Umar, 1968; Clineschmidt, Geller, Govier & 
Sjoerdsma, 1970; Patil, Fudge & Jacobwitz, 1972; 
Kennedy & Levy, 1974) and 5-HT-receptors (Gorlitz 
& Frey, 1973). Phentolamine was also a weak 
antagonist at 5-HT-receptors, and methysergide, 
pizotifen and cyproheptadine weak antagonists at a- 
receptors. 

The results in the ear artery were strikingly different 
from those in the aorta. The pA, values for each of the 
four antagonists in the ear artery were virtually 
identical against noradrenaline and 5-HT and this 
indicates that the agonists act on a common receptor 
to produce vasoconstriction. Furthermore, since the 
pA, values for the four antagonists in the ear artery 
were close to those obtained on a-receptors in the 
aorta, we conclude that the common receptor is an a- 
receptor and that the ear artery does not contain 
specific 5-HT-receptors. These conclusions are 
consistent with the finding that noradrenaline and 5- 
HT had similar potencies at their specific receptors in 
the aorta but that 5-HT was about 700 times less 
potent than noradrenaline in the ear artery. 


Analysis of the actions of methysergide 


This insight into the distribution of a-receptors and 
5-HT-receptors in rabbit aorta and ear artery helps in 
the interpretation of the various actions of 
methysergide. As described above, methysergide was 
a potent antagonist at 5-HT-receptors and a weaker 
antagonist at a-receptors in rabbit aorta. Methy- 
sergide also possesses very weak agonistic action in 
this preparation and this appears to be mediated 
through a-receptors since it was antagonized by 
phentolamine at concentrations which did not affect 
5-HT. 

The finding that the constrictor response to methy- 
sergide was even weaker than normal in strips 
previously incubated with noradrenaline, but was 
unchanged in strips previously incubated with 5-HT, is 
consistent with an action at a-receptors. It is possible 
that the prior exposure to noradrenaline causes 
desensitization of a-receptors which reduces the 
response to methysergide, a weak partial agonist. 
Thus, methysergide acts as a potent antagonist at 
5-HT-receptors and as a weak partial agonist at 
a-receptors in rabbit aorta. 

Methysergide was also a partial agonist compared 
to noradrenaline in the ear artery. Its vasoconstrictor 
action was antagonized by phentolamine, pizotifen 
and cyproheptadine, with pA, values virtually 
identical to those obtained against noradrenaline and 
5-HT. This shows that methysergide activates a- 
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receptors in this tissue. Fozard (1973) originally 
reported that the action of methysergide was 
unaffected by phentolamine, in direct contrast to our 
results, but this major discrepancy has now been 
resolved since Fozard (1976) recently reported that 
phentolamine does antagonize methysergide. 
Methysergide antagonized the actions of the more 
potent a-receptor agonists noradrenaline and 5-HT, as 
would be expected with a partial agonist. Thus, 
methysergide acts as a partial agonist at a-receptors in 
the ear artery; it is only a weak antagonist of 5-HT 
because this preparation does not contain specific 5- 
HT-receptors. 

Methysergide was a better agonist in the ear artery 
than in the aorta. A possible explanation is that the 
relationship between stimulus and response is different 
in the two tissues. The potency of a partial agonist 
would be particularly susceptible to a difference of this 
sort (Furchgott, 1972; Jenkinson, 1973). Hence, if the 
stimulus required for the same fractional response was 
higher in the aorta than in the ear artery then the 
activity of a partial agonist such as methysergide 
would be less pronounced in the former preparation. 

Our results confirm previous reports (de la Lande, 
Cannell & Waterson, 1966; Fozard, 1973; Carrol, 
Ebeling & Glover, 1974) that methysergide also 
sensitizes the rabbit ear artery to the vasoconstrictor 
action of noradrenaline. Fozard (1973) has suggested 
that sensitization results from  sub-threshold 
vasoconstriction achieving threshold or greater levels 
in the presence of other vasoconstrictor agents. 
However, this explanation is unlikely to apply to the 
sensitization of the ear artery to noradrenaline by 
methysergide if, as our results show, these two 
agonists act at the same receptor. From classical drug 
receptor theory it can be predicted that a partial 
agonist such as methysergide would antagonize the 
effect of a full agonist such as noradrenaline (see 
Barlow, 1964; Ariens & Simonis, 1964). An 
alternative explanation is that methysergide blocks 
noradrenaline uptake; an amine-uptake blocking 
action has been reported in cat spleen (Owen, Herd, 
Kalberer, Pacha & Salzmann, 1971). On the other 
hand, there is no theoretical objection to the idea that 
potentiation of vasopressin responses by methysergide 
results from sub-threshold vasoconstriction, since 
these two agents act at different sites. 


Similarity between a-receptors and 5-hydroxytrypt- 
amine-receptors 


Our results demonstrate that 5-HT and 5-HT-receptor 
blocking drugs can act at a-receptors and, conversely, 
that an a-receptor blocking drug, phentolamine, can 
act at 5-HT-receptors. It was not possible in the two 
preparations examined to determine whether 
noradrenaline can act at 5-HT-receptors but Vane 
(1960) has shown that certain a-receptor agonists 


contract rat stomach strip by an action at 5-HT- 
receptors. This cross reactivity is in accord with a large 
body of evidence (see Fozard, 1973 for references) and 
indicates that the two types of receptor, although 
distinct entities, have features in common. This can give 
rise to problems of interpretation unless detailed 
quantitative data are obtained. For example, Carroll et 
al. (1974), in a semi-quantitative study, showed that the 
vasoconstrictor action of methysergide in rabbit ear 
artery was abolished by pizotifen and concluded that 
methysergide acts at 5-HT-receptors. Our analysis 
shows that this interaction actually takes place at a- 
receptors. Indeed, it is ironic that the rabbit ear artery, 
which is frequently used for the study of 5-HT agonist- 
antagonist interactions, does not contain specific 5-HT- 
receptors. 


Relevance to migraine therapy 


Since three of the drugs examined in this study, 
namely methysergide, pizotifen and cyproheptadine, 
are used in the treatment of migraine, it is appropriate 
to consider whether our results have any bearing on 
their mode of action. Pizotifen and cyproheptadine 
were more potent than methysergide as 5-HT-receptor 
blocking drugs in rabbit aorta yet are less effective in 
the treatment of migraine (Lance, Anthony & 
Somerville, 1970). These findings are in accord with a 
growing concensus of opinion that antagonism of the 
vascular actions of 5-HT may not be relevant to the 
effectiveness of anti-migraine drugs. Fozard (1975) 
suggested that it might well be the sedative properties 
of cyproheptadine and the combined sedative and 
anti-depressant properties of pizotifen, rather than 
their anti-5-HT properties, that benefit the migraine 
sufferer because they alleviate the stress symptoms 
which may trigger an attack (Lance, 1973). The ability 
to mimic the vasoconstrictor action of 5-HT is now 
considered to be an important property of specific 
anti-migraine drugs (Saxena, 1972). Methysergide 
effectively mimics the vasoconstrictor action of 5-HT 
in the rabbit ear artery and initially we thought that 
this might be the basis of its therapeutic effect. 
However, we subsequently rejected this hypothesis 
because this action of methysergide, in the ear artery 
at least, occurs at higher concentrations than could be 
achieved after administration of therapeutic doses of 
the drug (estimated maximum blood concentration of 
about 10~’ mol/litre). Thus, it does not seem that the a- 
adrenoceptor stimulation produced by methysergide in 
the ear artery can explain its therapeutic action in 
migraine. However, it may be that the ear artery is un- 
representative of the external carotid vasculature in 
general or that the rabbit differs from other species. 
For example, we have recently shown that very low 
concentrations of methysergide (threshold 1078 mol/) 
constrict the dog isolated ear artery (Apperley, 
Humphrey & Levy, unpublished observations), and 
Saxena (1974) has shown that low doses of methy- 


sergide selectively increase the resistance of the dog 
carotid vascular bed in vivo. We are currently in- 
vestigating the mechanisms involved in these actions 
of methysergide. 
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EFFECT OF INDOMETHACIN AND PROSTAGLANDIN 
ON THE SMOOTH MUSCLE CONTRACTING 
ACTIVITY OF ANGIOTENSIN AND OTHER AGONISTS 
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1 Indomethacin had an equal inhibitory effect on the response of the guinea-pig isolated ileum to 
angiotensin IJ (angiotensin), bradykinin, histamine and acetylcholine. This effect did not seem to result 
from inhibition of prostaglandin synthesis, as it did not depend on the time of treatment with in- 
domethacin. 

2 Prostaglandin E, (prostaglandin) potentiated the responses of the guinea-pig ileum to angiotensin, 
bradykinin, histamine and acetylcholine without significant differences in the effects observed. 

3 In the rabbit isolated mesenteric and coeliac arteries, indomethacin had an equal potentiating 
effect on the responses to angiotensin and to adrenaline. In these organs pre-incubation with 
indomethacin was necessary for the effect to be observed, and this effect lasted for 2 h or more after 
that drug was removed from the medium. 

4 No cross-tachyphylaxis between angiotensin and adrenaline was observed in the rabbit mesenteric 
and coeliac arteries. 

5 It is concluded that the effects of indomethacin and prostaglandin on the response of the guinea-pig 
ileum to the four agonists result from an action on the smooth muscle contractile mechanism per se 
rather than from an inhibitory action on the release of endogenous prostaglandin produced by the four 
agonists. 

6 The results with the rabbit isolated arteries indicate that tachyphylaxis to angiotensin in these 


organs is not caused by prostaglandin release. 


Introduction 


It has been postulated that prostaglandin release 
participates in the smooth muscle contraction induced 
by a number of agonists. Vane & Williams (1972) 
suggested that intramural generation of a prosta- 
glandin contributes to the contractions induced by 
oxytocin in the rat isolated uterus. 

Indomethacin, an inhibitor of prostaglandin bio- 
synthesis (Vane, 1971), depresses responses of the rat 
uterus to bradykinin (Barabé, Park & Regoli, 1975) 
and angiotensin II (Baudouin-Legros, Meyer & 
Worcel, 1974). This has been interpreted as evidence 
that prostaglandin release is involved in the 
contraction of uterine smooth muscle by these 
peptides, although under oestrogen domination the 
uterus is more sensitive to these agonists, but less 
sensitive to prostaglandins (Weeks, 1972). 

In vascular smooth muscles, in which prosta- 
glandins usually produce relaxation (Weeks, 1972), 
prostaglandin release has been implicated in tachy- 
phylaxis to angiotensin because this phenomenon was 
partly supressed by indomethacin (Aiken, 1974). 
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However, in the atropinized guinea-pig isolated ileum 
neither the onset of tachyphylaxis to angiotensin nor 
recovery from it were affected by indomethacin 
(Paiva, Mendes & Paiva, 1976). On the other hand, 
Chong & Downing (1973, 1974) described a selective 
inhibition by indomethacin of angiotensin-induced 
contractions of the guinea-pig ileum, which was 
reversed by prostaglandin. They interpreted this as 
evidence that prostaglandin mediates angiotensin’s 
action. We have not been able to confirm the selective 
nature of this inhibition, but have obtained evidence 
for a non-selective action of indomethacin in both 
guinea-pig ileum and rabbit arteries. 


Methods 


Guinea-pigs of either sex weighing 150-200 g were 
deprived of food for 24 h and killed by decapitation. A 
15 cm segment of terminal ileum was removed, and 
washed with Tyrode solution at room temperature. A 
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4 cm portion was then suspended in a 5 ml chamber 
containing Tyrode solution at 37°C, bubbled with air. 
Under these conditions the pH of the medium was 8.0. 
Isotonic contractions of longitudinal muscle were 
recorded on a smoked drum by a frontal writing lever 
under 1 g load and six-fold magnification. 

Male albino rabbits of approximately 5kg body 
weight were stunned and killed by exsanguination, the 
coeliac and mesenteric arteries were removed 
immediately, and cut into helical strips 2~3 mm wide 
and approximately 2 (coeliac) or 4 (mesenteric) cm 
long. The strips were suspended in Tyrode solution at 
37°C under the same conditions used for the guinea- 
pig ileum, except that 95% O, and 5% CO, were 
bubbled through the solution, resulting in a pH of 7.4. 


Solution and drugs 


The composition of the Tyrode solution was (mM): 
NaCl 140, KCI 2.7, CaCl, 1.36, MgCl, 0.53, 
NaHCO, 12, NaH,PO, 0.36 and glucose 5.6. 

[5-Isoleucine]-angiotensin II (angiotensin) (Paiva, 
Goissis, Juliano, Miyamoto & Paiva, 1974) and 
bradykinin (Tominaga, Stewart, Paiva & Paiva, 1975) 
were synthetic products made in this laboratory. 
Other drugs used were: histamine dihydrochloride 
(California Corporation for Biochemical Research), 
acetylcholine chloride (Sigma), adrenaline bitartrate 
(Fluka), indomethacin (Merck, Sharp & Dohme) and 
prostaglandin E, (Upjohn). Indomethacin solutions 
were prepared just before use by dissolving the drug in 
a small volume of saturated aqueous sodium 
carbonate, diluting to the desired volume with Tyrode 
solution, and adjusting to pH 8.0. Concentrated pros- 
taglandin solutions (1 mg/ml) in 25% ethanol were 
stored frozen and diluted with Tyrode solution 
immediately before use. The vehicles used for the 
administration of indomethacin and prostaglandin had 
no detectable effect on the response to the isolated 
organs to agonists. 


Results 
Guinea-pig ileum 


The effect of indomethacin or prostaglandin on the 
response to angiotensin, bradykinin, histamine and 
acetylcholine, was studied by determining dose- 
response curves to the agonists before and after 
treatment with the two drugs. Independent 
experiments were performed for each agonist, using 
preparations responding constantly to a submaximally 
effective concentration administered at 5 min inter- 
vals. The responses to 4 concentrations of agonist 
(producing 20%—80% maximum contraction) were 
then recorded. After treatment with 56M 
indomethacin for 45min, and in the continuing 


presence of that drug, new dose-response curves were 
obtained. The ratio of the concentrations that 
produced 50% of maximum response after and before 
treatment with indomethacin was determined by inter- 
polation (Table 1). 

To study the effect of indomethacin on the 
maximum contractions produced by each agonist, 
independent experiments were conducted with fresh 
tissues responding constantly to small, submaximally 
effective, doses of agonist administered at 5 min 
intervals and with a 90 s contact time. The organ was 
treated once with a dose of the agonist 15 times higher 
than that producing 50% of maximum response. This 
supramaximal dose was 0.09uMĪM for bradykmin, 
luM for histamine, 0.03 uM for angiotensin and 
1.2 uM for acetylcholine. It was followed by 
incubation with 56 uM indomethacin for 45 min, and 
another administration of the same supramaximal 
dose, This procedure was adopted to avoid tachy- 
phylaxis to high doses of angiotensin. The reduction in 
the response to the second supramaximal dose was 
expressed as a percentage of the pre-indomethacin 
maximum response (Table 1). In similar experiments, 
done with 84M indomethacin, no significant 


Table 1 Effect of indomethacin (66 um) on the 
Isotonic response of the guinea-pig isolated Ileum to 
four agonists 


% Inhibition of 
Agonist Dose-ratio* maximum response 
Angiotensin 2.03 +0.34 (7) 17.8 +3.6 (8) 
Bradykinin 2.35 +0.39 (8) 13.4 + 2.8 (6) 
Histamine 3.31 +1.59 (8) 12.3 +42.7 (7) 
Acetylcholine 2.45 +0.58 (7) 16.5 + 4.4 (8) 


* Ratio of the concentrations producing 50% of 
maximum response after and before treatment with 
indomethacin. Mean+s.d. (n). 


Tsbie 2 Effect of prostaglandin (28nm) on the 
isotonic response of the guinea-pig Isolated ileum to 
four agonists 


% Potentiation of 


Agenist Dose-ratio* maximum response 
Anglotensin 0.54 +0.09 (6) 6.2+2.5 (4) 
BradykInin 0.31 +0.06 (5) 9.9 + 2.3 (4) 
Histamine 0.44 +0.08 (4) 5.4 t 1.3 (4) 
Acetyicholine 0.37 +0.09 (4) 10.3+3.2 (4) 


* Ratio of the concentrations producing 50% of 
maximum response after and before treatment with 
prostaglandin. Mean s.d. (n). 
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Figure 1 Responses of the guinea-pig Isolated ileum to angiotensin: a, 0.4 nM; b, 0.8 nM; c, 1.6 nm. Upward 
arrows indicate additions and downward arrows indicate washout and interruption of kymograph movement 
for 3 minutes. Normal Tyrode solution was replaced by one containing 56pm indomethacin 30 s before 
addition of the fourth dose and restored 30 s before last dose. 


inhibition of any of the four agonists was detected. 

Each experiment to obtain the dose-ratio or 
percentage inhibition of maximum response was 
paired with a control without indomethacin. These 
showed no significant changes. 

The effect of prostaglandin E, on the response of 
the guinea-pig ileum was studied using the same 
protocol (Table 2). 

The inhibition of the response to the four agonists 
studied did not depend on the time of incubation with 
indomethacin, in the range 30s to 45 minutes. The 


Mesenteric artery 


normal response of the isolated organ to these agonists t pe) t 4t at ets 
was rapidly recovered after removal of indomethacin. Ad Ad Ang Ang Ad Ad 
This was reproducibly observed in at least three tom Smin 
experiments with each agonist and is illustrated in m 
Figure 1, for angiotensin. 
Coeliac artery 
Rabbit mesenteric and coeliac arteries 
Angiotensin administered repeatedly, at 45 min 
intervals, to either the mesenteric or the coeliac artery, 
caused tachyphylaxis (Figure 2). This did not occur t 4t 4t 44 vt tt 4} 
with adrenaline. However, treatment with 8.4 uM Ad Ad Ang Ang Ad Ad 


indomethacin for 30 min potentiated the responses of 
both agonists in both arteries. Figures 3 and 4 are ; 
representative of at least 6 experiments in each case. Figure 2 Responses of the rabbit's mesenteric and 
The potentiation was long-lasting, and was found to be ae ie Bis i Beene ace aie ee 
tele ari Ua 2a degen arrows Indicate additions and downward arrows 
rata i $ J haa i indicate washout and interruption of kymograph 
pig ileum, previous incubation with indomethacin for movement for 3 minutes. Intervals between additions 
30 min was necessary for inhibition to occur. were 10 minutes. 
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a Adrenaline 0.1umM 


t ¢f 4t ¢ f 4 


5min 
Indomet 8.4 uM 
m| methacin 84u — 





b Angiotensin 0.04um 





Indomethacin 8.4uM 


Figure 3 Responses of the rabbit isolated 
mesenteric artery to sub-maximal doses of adrenaline 
and angiotensin administered at 45 min Intervals. 
Upward arrows indicate additions and downward 
arrows indicate washout and interruption of 
kymograph movement for 38 minutes. Normal 
Tyrode solution was replaced by one containing 
8.4 uM indomethacin 30 min before third (a) or fourth 
{b) dose, and restored 45 min before last dose. 


Discussion 
Guinea-pig ileum 


Treatment of the guinea-pig isolated ileum with 
indomethacin inhibited contractions to angiotensin, 
but this effect was less intense than that described by 
Chong & Downing (1973) and was not selective for 
angiotensin. The dose-ratios and the inhibition of 
maximum response (Table 1) were not significantly 
different for the four agonists that were studied. 
Similarly, the potentiation by prostaglandin was non- 
selective, as shown in Table 1. 

These results may indicate either that prosta- 
glandin release mediates the action of the four agonists 
studied, probably at a common step in the excitation- 
contraction chain of events, or that prostaglandin and 


a Adrenaline 1M 


Indomethacin 8.4uM 


fom] 5min 


b Angiotensin Q2UM 


indomethacin 8.4m 


Figure 4 Responses of the rabbit isolated coellac 
artery to sub-maximal doses of adrenaline and 
angiotensin. Experimental detalis as in Figure 2. 


indomethacin have opposite effects on the contractile 
properties of the guinea-pig ileum, which affect the 
response to all agonists. 

We believe that the experiment illustrated in Figure 
1 favours the second hypothesis, since the effect of 
indomethacin occurred too quickly (30 s) to result 
from inhibition of prostaglandin synthesis. In 
particular the fast (30s) return to normal response 
after the removal of indomethacin argues against this, 
since indomethacin inhibition appears to be at an early 
step of the synthetic pathway (Smith & Lands, 1971). 
It must also be pointed out that the concentrations of 
indomethacin needed to depress the response to the 
agonists were higher than those thought necessary to 
inhibit prostaglandin biosynthesis. Our finding that 
8.4 uM indomethacin did not cause significant angio- 
tensin inhibition is not in agreement with the report, by 
Kadlec, Masek & Seferna (1974), that lum 
indomethacin depressed the response of the guinea-pig 
ileum to that agonist. However these authors do not 
state whether adequate care was taken to avoid 
tachyphylaxis to angiotensin, which might be 
enhanced by the lower pH of the Krebs solution that 
they used instead of the usual Tyrode (Paiva, Juliano, 


Nouailhetas & Paiva, 1974). It should be noted that 
they also report more than 100-fold loss of sensitivity 
to angiotensin in the presence of 0.4 uM atropine, 
while, under the usual conditions, 1 yM atropine only 
reduces the effect of angiotensin by 40—70% 
(Khairallah & Page, 1961; Robertson & Rubin, 
1962). 

Further evidence against prostaglandin mediation is 
the finding that guinea-pig ileum, in which response to 
prostaglandins was reduced by a dibenzoxazepine 
hydrazide derivative (SC-19220), responded normally 
to bradykinin and acetylcholine (Sanner, 1969) as well 
as to histamine (Ambache, Verney & Zar, 1970). 

The available evidence thus indicates that the 
inhibitory action of indomethacin is probably due to 
an effect on one of the steps of the excitation- 
contraction coupling that is common to different 
stimuli, A similar conclusion was reached by 
Northover (1971), who worked with the guinea-pig 
isolated stomach; he observed that as widely different 
stimuli as electrical stimulation and histamine were 
inhibited by very large concentrations of in- 
domethacin. This author also presented evidence 
linking indomethacin inhibition to diminished calcium 
uptake by the target cells. 

The fact that prostaglandin potentiated the 
responses to the different agonists (Table 2) also 
points to an effect at a common link in the excitation- 
contraction chain of events. This might involve a 
calcium displacement mechanism, as postulated for 
similar effects in other smooth muscles (Clegg, Hall & 
Pickles, 1966; Strong & Bohr, 1967; Eagling, Lovell 
& Pickles, 1972; Villani, Chiarra, Cristalli & Piccinini, 
1974) and for prostaglandin actions in other tissues 
(Ramwell & Shaw, 1970). 


Rabbit arteries 


The experiments illustrated in Figures 3 and 4, carried 
out under the same conditions as those described by 
Aiken (1974), confirm his finding that indomethacin 
reverses angiotensin tachyphylaxis. However, this 
effect appears to be due to a non-selective potentiation 
since adrenaline, which shows no tachyphylaxis, was 
also potentiated. The possibility must be considered 
that prostaglandin release may occur with both 
agonists and that potentiation by indomethacin may 
be the result of inhibition of prostaglandin synthesis. 
This hypothesis is based on the non-specific relaxation 
of the muscle by prostaglandin (Aiken, 1974), and 
depends on the possibility of the presence of released 
prostaglandins for relatively long periods in the 
organ’s biophase. If this were the case, however, one 
might expect that an organ rendered tachyphylactic to 
angiotensin would not respond fully to adrenaline. 
This was not observed in the experiments illustrated in 
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Figure 2, where it is also shown that the isolated 
arteries respond normally to angiotensin after being 
challenged with adrenaline. Furthermore, we have 
confirmed Aiken’s (1974) observation that tachy- 
phylaxis to angiotensin in the rabbit mesenteric 
and coeliac arteries occurs even in the presence of in- 
domethacin, although not as severely as in its absence. 

Our results indicate that, in the systems that we 
have examined, tachyphylaxis to angiotensin is not 
caused by prostaglandin release. We believe that this 
is also supported by Aiken’s (1974) observation that 
tachyphylaxis produced by repeated administration of 
angiotensin at shorter intervals (5—10 min) was not 
affected by inhibitors of prostaglandin synthesis. He 
interpreted this finding as indicative of a dual 
mechanism for tachyphylaxis, a short-lasting and a 
long-lasting one, of which only the latter would be 
dependent on prostaglandin release. However, it seems 
unlikely that the prostaglandin released by angiotensin 
would inhibit the response of a subsequent dose 
administered 45 min later but not one administered 
10 min later. We conclude therefore that pro- 
staglandin does not participate in the mechanism of 
angiotensin tachyphylaxis in rabbit arteries. We have 
reached a similar conclusion for the guinea-pig ileum 
(Paiva et al., 1976). 

The need for an incubation period with indo- 
methacin and the persistence of its effect after 
washout suggests that, in the rabbit mesenteric and 
coeliac arteries, this drug might act through inhibition 
of prostaglandin synthesis. A conclusion about the 
role of prostaglandin and the mechanism of in- 
domethacin’s effects on vascular smooth muscle 
contraction is difficult, because of the reported 
differences in behaviour towards different prosta- 
glandins, complicated by species variations (Weeks, 
1972), and by differences among large and small 
arteries from the same species (Strong & Bohr, 1967; 
Aiken, 1974). However, prostaglandins and indo- 
methacin might affect the response of vascular 
smooth muscle through opposite effects on calcium 
translocation mechanisms, as proposed for the 
guinea-pig ileum. The available evidence indicates that 
calcium transport in vascular smooth muscles is 
directly affected by indomethacin (Northover, 1971) 
and prostaglandins (Greenberg, Kadowitz, Diecke & 
Long, 1973). 
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THE DENERVATED CREMASTER MUSCLE OF THE 
GUINEA-PIG AS A PHARMACOLOGICAL PREPARATION 


M. MAUREEN DALE, AKGÜN EVINC’ & PAULINE VINE 
Department of Pharmacology, University Collage London, Gower Street, London WC1E 6BT 


1 The pharmacological responses of both denervated and innervated cremaster muscle preparations 
from the guinea-pig have been investigated and compared. Acetylcholine (ACh) dose-response curves 
were obtained in both preparations. The affinity constants for (+)-tubocurarine and for atropine were 
calculated and indicated that the ACh receptors in both preparations were nicotinic. 

2 Histamine dose-response curves could be obtained only in the denervated preparation. The 
response was unaltered by metiamide, and the affinity constant for mepyramine fitted in with those 
previously obtained by others on ileum and trachea, indicating that the histamine receptors are H, in 
type. 

3 Sustained contractions were obtained to adrenaline and noradrenaline but not isoprenaline, with 
the denervated preparations. 

4 Schultz-Dale responses were obtained with denervated muscle in sensitized guinea-pigs. This 
preparation did not respond to 5-hydroxytryptamine, bradykinin, or the slow-reacting substance of 


anaphylaxis. 


Introduction 


On denervation the pharmacological properties of 
skeletal muscle change, the receptor areas sensitive to 
acetylcholine (ACh) increase and, in the guinea-pig, 
sensitivity to other substances such as histamine and 
adrenaline may appear. Anaphylactic contractions, 
normally seen only in smooth muscle, have been 
described in guinea-pig denervated skeletal muscle and 
attributed to direct stimulation of the muscle by the 
antigen-antibody reaction (Alonso-de Florida, del 
Castillo, Gonzales & Sanchez, 1965). The exact 
mechanism of this anaphylactic contraction has not 
been clarified, and the receptors involved in the 
histamine responses have not previously been in- 
vestigated. 

In this preliminary study, the usefulness of an 
isolated cremaster muscle for studies on guinea-pig 
denervated skeletal muscle has been investigated and 
some of the responses obtained with denervated 
muscle have been compared with those of innervated 
preparations. 

The effects of cholinomimetic drugs, anticholines- 
terases and ACh antagonists have been assessed and 
compared in denervated and innervated preparations, 
and the responses of denervated preparations to 
histamine, catecholamines and a number of other 
pharmacological agents have been investigated. 
Experiments on the nature of the histamine receptors 
have been carried out. 


! Present address: c/o Institute of Pharmacology, Ege 
University, Faculty of Medicine, Bornova, Izmir, Turkey. 


While this manuscript was in preparation, a paper 
appeared outlining some pharmacological properties 
of the cremaster muscle of the guinea-pig (Ninomiya, 
1975). Ninomiya found that the guinea-pig cremaster 
manifested substantial contractions (2g) with 
transmural stimulation and adrenaline 1 pg/ml 
produced an increase in tension of 300 mg. ACh and 
carbachol increased baseline tension by 200 mg and 
also increased spontaneous contractions in the tip of 
the muscle. 


Methods 


Hartley guinea-pigs of 250 to 300g were used for 
denervation and the cremaster muscle was used for 
experiments 2 to 6 weeks afterwards. 


Denervation 


The abdomen was shaved and cleaned with alcohol, 
the guinea-pig anaesthetized with halothane and a 
midline incision made. The abdominal contents were 
expressed, wrapped in warm wet sterile gauze and 
pulled to one side to expose the posterior abdominal 
wall. The genito-femoral nerve was cut. In later 
Operations a 5 mm portion was removed in order to be 
sure that regeneration would not occur. In some 
animals both cremaster muscles were denervated. 
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Dissection of the cremaster muscle preparation 


The skin was reflected from the abdominal wall and 
both testes. A midline incision was made through the 
abdominal muscles, extending caudally as far as the 
symphysis pubis. The testis was pushed back through 
the inguinal canal into the abdomen, the cremaster 
muscle being everted in the process. The spermatic 
cord was cut and the cremaster muscle was carefully 
dissected free by cutting through the abdominal wall 
at its base. Finally the testis was cut free from its 
attachment to the cremaster sac leaving a small tag of 
testicular tissue for the attachment of a ligature. At no 
stage was the cremaster muscle itself cut, but rather 
the structures adjacent to it, so as to minimize damage 
to the muscle. 


Recording apparatus 


The muscle was set up in a 5 ml organ bath at 37°C in 
oxygenated Tyrode solution of the following 
composition (g/l): NaCl 8, KCl 0.2, MgSO,.7H,O 
0.26, CaCl, 0.396, NaH,PO,.2H,O 0.65, glucose 1.0 
and NaHCO, 1.0. Isotonic contractions were recorded 
with a Servoscribe pen recorder, 0.5 g of tension being 
applied to the muscle. The recording apparatus was 
calibrated after each experiment by depressing the lever 
by measured amounts (2mm, 5mm, 10mm) and 
recording the corresponding deflections of the pen 
recorder. Because there is a linear relationship between 
the excursion of the lever and the deflections on the pen 
recorder, the contractions of the muscle could also be 
expressed as a percentage of its length. With some 
agents, isometric contractions were recorded, with a 
Pye-Ether UFI transducer and Servoscribe recorder. 

In general, contractile responses to drugs were 
expressed as a percentage of the maximum 
contraction produced by 0.1 M KCI]. 


Drugs 


The following drugs were used: acetylcholine chloride 
(Sigma Chemical Co.), adrenaline bitartrate (BDH), 
atropine sulphate (BDH), bradykinin (Sandoz), car- 
bachol chloride (BDH), histamine dihydrogen phos- 
phate (BDH), 5-hydroxytryptamine creatinine 
sulphate (Sigma Chemical Co.), isoprenaline sulphate 
(Burroughs Wellcome & Co.), mepyramint maleate 
(May & Baker), methacholine chloride (Sigma 
Chemical Co.), metiamide (Smith, Kline & French), 
neostigmine methanesulphonate (Koch-Light), nor- 
adrenaline hydrogen tartrate (levophed; Winthrop), 
ovalbumin (BDH), physostigmine sulphate (BDH), 
slow reacting substance of anaphylaxis (SRS-A)——an 
extract was obtained from Dr W.E. Brocklehurst 
(Biology Department, Lilly Research Centre, Erl 
Wood Manor, Windlesham, Surrey), (+)-tubo- 
curarine chloride (Sigma Chemical Co.). 
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The catecholamine solutions were made freshly just — 
before use. 


Calculation of affinity constants of competitive 
antagonists 


In some instances the affinity constant (K,) of an anta- 
gonist was calculated from the dose-ratio (A/a) using 
the equation 


A/a-~1=KyII] 


where A/a is the ratio of two concentrations of agonist 
which produce the same response with and without the 
antagonist, and [I] is the concentration of antagonist 
(Schild, 1949). 

In some cases, where it was possible to obtain a 
series of parallel log dose-response curves with 
increasing concentrations of antagonist, the affinity 
constant was calculated from a Schild plot: a graph of 
log (A(a~1) against log [I] (Arunlakshana & Schild, 
1959). In these cases it was possible to obtain a 
measure of the slope of the line, which equals 1 in a 
simple competitive antagonism. 


Results 
Response to acetylcholine 


Denervated preparations The response to ACh was 
tested in seven denervated preparations. All responded 
with graded and readily reproducible contractions to 
concentrations of ACh in the range 2x 1077M to 
10-5 M. An example is given in Figure la. This range 
is similar to that reported for the response of the 
denervated hemi-diaphragm of the rat (Elmqvist & 
Thesleff, 1960) and the gracilis muscle of the rat 
(Turkanis, 1969). The response and recovery after 
each dose was rapid, and a 2 or 3 min time cycle with 
a 20s drug contact period gave satisfactory results 
with little loss of sensitivity except at high con- 
centrations of the drug. 

The maximum isotonic contractions produced by 
ACh were generally about 70% of the contraction 
produced by 0.1M KCI. The maximum isometric 
contractions represented 2—5 g tension in different 
preparations which constituted 40—70% of the 
maximum tension obtained with 0.1 M KCL The 
preparations were most sensitive between 2 and 4 
weeks after denervation. 


Innervated preparations Eight preparations were 
tested in the same way as the denervated preparations. 
All responded to ACh with graded and readily 
reproducible contractions to concentrations usually 
within the range 5 x 10-6 to 5 x 10-4 M (an example is 
given in Figure 1b). The muscles were about fifty times 
less sensitive than denervated preparations. The 
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Figure 1 


Responses of the isolated cremaster muscle to acetylcholine (ACh). (a) The denervated preparation 


responded to concentratlons from 2.5x 10-7? to 3x10-®m (0.26—3 nmol/ml), and (b) the innervated 
preparation to concentrations ranging from 10-5 to 8x10*Mm (10-80nmol/ml). The maximum ACh 
contraction was about 80% of the maximum contraction with 0.1 M KCI (which caused a 50% shortening of 


the muscle length). 


magnitude of the contractions was similar to that 
obtained with denervated preparations although the 
innervated preparations gave a slightly less prolonged 
response than those that had been denervated. 
Desensitization was minimal except when very high 
doses of ACh were used, or when anticholinesterases 
were added to the bathing fluid. 


The effect of anticholinesterases on acetylcholine 
responses 


Denervated preparations Langley & Kato observed 
in 1915 that anticholinesterases did not potentiate the 
effects of ACh on denervated frog gastrocnemius 
muscle. In the denervated cremaster muscle some 
potentiation was observed with physostigmine 
sulphate, 6 x 1077 M. A 6-fold potentiation was found 
in one experiment though in others the potentiation 


was only 3-fold. The fact that any potentiation at all 
was observed indicates that some cholinesterase is 
present. 


Innervated preparations Physostigmine sulphate 
6x10-7M and neostigmine methanesulphonate 
6x 107? M both produced a 3- to 7-fold potentiation 
of the response to ACh. This was equivalent to the 
potentiation produced in the denervated preparations, 
but less consistent dose-response curves were obtained 
in the presence of the anticholinesterases, since 
marked desensitization occurred. 


The effect of acetylcholine antagonists 
Denervated preparations Although most studies 


support the view that the new ACh receptors in 
denervated mammalian muscle are nicotinic (Elmqvist 


232 M. MAUREEN DALE, AKGÜN EVING & PAULINE VINE 


œ 
O 


60 


40 


N 
Q 





J 


103 


Response (% of 0.1m KCI contraction) 


1 
jj 


10 md 10 
ACh (molyt 


Figure 2 Effect of {+)-tubocurarine (Tc) on the 
acetylcholine {ACh} response of denervated 
cremaster muscle: (@) ACh alone, (M)ACh+Tc 
10-7 M, (A) ACh+Tc 108m, (W) ACh4+ Te 10-5 o, (O) 
partial recovery after washing out Tc. 


& Thesleff, 1960; Beránek & Vyskočil, 1967), some 
evidence indicates that muscarinic receptors might 
also be present (Turkanis, 1969). The effects of a 
competitive antagonist for nicotinic receptors ((+} 
tubocurarine) and a competitive antagonist for 
muscarinic receptors (atropine) were tested on the 
denervated cremaster muscle. When the log dose- 
response curves to ACh alone and in the presence of 
(+}tubocurarine were plotted, there was a marked 
reversible parallel shift to the right with increasing 
doses of antagonist from 10° M to 10°°M (See 
Figure 2). Atropine, on the other hand, had only a 
minimal effect even at 10-°mM, when tested 
concurrently on the contralateral denervated 
cremaster muscle of the same guinea-pig (see 
Figure 3). 

There was some loss of viability of the preparations 
towards the end of the experiments as evidenced by 
the fact that recovery, after washing the antagonist out 
of the bath, was not complete. Using the values from 
Figure 2, a Schild plot was constructed, graphing log 
(A/a—1) against log [I]. The slope of the line which 
best fitted the points was 0.95 and the affinity constant 
for (+}tubocurarine was 2 x 10’ M~! (pA, = 7.3). This 
value is fairly similar to the figures reported for 
innervated guinea-pig skeletal muscle, which have 
been in the region of 9x 106 M-! (pA,=7.0) for 
diaphragm and 11 x 106 M~! (pA, = 7.0) for latissimus 
dorsi (Lu, 1970). 

The affinity constant for atropine calculated from 
the dose-ratio given by the highest concentration of 
atropine was 2x 10° M7! (pA,=5.3) which compares 
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Figure 3 Effect of atropine on the acetyicholine 
{ACh) response of denervated cremaster muscle: (@) 
ACh alone, (W) ACh+ atropine 1077 m, (A) ACh+ 
atropine 10m, (V) ACh+atropine 105m, (O) 
recovery curve after washing out atropine. 


with the pA, value of 4.2 for atropine on the frog 
rectus (see Arunlakshana & Schild, 1959). 

These data indicate that in the denervated guinea- 
pig cremaster muscle, the ACh receptors are very 
similar to those in innervated guinea-pig skeletal 
muscle and are mainly if not entirely nicotinic. 


innervated preparations (+}Tubocurarine produced 
reversible, dose-related shifts of the dose-response 
curve to ACh, whereas atropine had little or no effect. 
Examples are given in Figures 4 and 5. The affinity 
constant for tubocurarine obtained from a Schild plot 
was 8x 107 M7! (pA, = 7.9), and the slope of the line 
was 1.12. This pA, value is rather higher than the 
figures reported by Lu (1970) for innervated guinea- 
pig skeletal muscle. The difference could again be due 
to the fact that our preparations lost sensitivity during 
the course of the experiment. This would be expected 
to give rather high dose-ratios. 


The effect of other cholinomimetic agonists 


Methacholine The denervated muscle gave 
repeatable graded responses to metacholine in the con- 
centration range 4 x 10~* to 4x 10~* M. The responses 
were of similar size and time course to those elicited 
by ACh but methacholine was approximately 400 
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Figure 4 Effect of {+)-tubocurarine (Tc) on the 
acetylcholine (ACh) response of innervated cremaster 
muscle: (@) ACh alone, (M) ACh+Tc 107 m, (A) 
ACh+Tc 10-¢m, (V) ACh+Tc 105m, (O) partial 
recovery after washout of tubocurarine. 
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Figure & The effect of atropine on the acetyl- 
choline (ACh) response of innervated cremaster 
muscle: (@} ACh alone, (A) ACh + atropine 4 x 1077 M, 
(V) ACh+atropine 2x10®m. Neostigmine 
2x 10-’m was present in the bath fluid throughout 
the experiment. Responses in arbitrary units: 30 units 
is equivalent to approximately 60% of the contraction 
with 0.1 M KCI. 
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Figure 6 Response of the denervated isolated 
cremaster muscle preparation to histamine. The 
maximum histamine contraction was about 40% of 
the maximum contraction obtalned with 0.1 mM KCI 
(which gave about 50% shortening of the muscle 
length}. 


times less potent. Methacholine has been reported to 
have an activity 180 times less than that of ACh on 
frog rectus (Barlow, 1964). 


Carbachol Carbachol in the concentration range 


10-° to 10-5 M produced repeatable graded responses. 


It was roughly 3 times less potent than ACh on this 
preparation. 


The response to histamine 


Contractions of the denervated cremaster muscle 
could be elicited with concentrations of histamine in 
the range 10-7 to 10-5 M. No responses were observed 
in innervated controls at concentrations up to 10-? M. 
The response to histamine was slower than that to 
ACh, and smaller. The ACh contraction began 
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Figure 7 The effect of metiamide on histamine- 
induced contractions of denervated cremaster 
muscle: (@) histamine alone, (©) histamine + 
metlamide 10-°m, (O) histamine + metlamide 
1078 m, (A) histamine + metlamide 10-4 M. 


immediately after the drug was given and reached its 
peak in 20s and on washing the drug out there was a 
rapid relaxation. With histamine there was a latency of 
20—30 s before the response began, the contraction 
reached maximum 20—45 s later and recovery was 
very much slower. For experiments with histamine a 
drug contact time of 1 min was used, with a 15 min 
interval between doses. With higher concentrations 
full relaxation did not occur even after 15 minutes. 
Desensitization was a problem in most experiments 
with histamine. After the first fairly large contraction 
in response to a small dose, the sensitivity would drop 
and then remain steady. Then after about 10 
responses it would decrease again unless a long rest 
period of about an hour was allowed. An example of 
the response to histamine is given in Figure 6. 

The responses were small in magnitude compared 
with those to ACh. With isotonic recording the 
maximum histamine contractions were about 35% of 
the contracture produced by 0.1 M KCI. 

Whereas the optimum time for eliciting responses to 
ACh was 2 to 4 weeks after denervation, the optimum 
time for histamine responses was 4 to 6 weeks after 
denervation. Earlier than this the muscle was relatively 
insensitive to histamine and later than this the muscle 
was usually too atrophied to give good responses. 


The effect of histamine antagonists 


Metiamide This H,-receptor antagonist appeared to 
have little or no effect on the response to histamine. 





1 Oh w” 104 107 
Histamine (mol/l) 


Response (% of 01m KCI contraction) 


Figure 8 Effect of mepyramine on histamine- 
induced contractions of denervated cremaster 
muscle: (@) histamine alone, (A) histamine 
+ mepyramine 2x107%mM, (A) histamine + 
mepyramine 4x10°-"°M, (W) histamine + 
mepyramine 8 x 10-* M. 


The dose-response curves for histamine alone and in 
the presence of metiamide 10-°M were indistin- 
guishable. The dose-response curve in the presence of 
10-5 M and 10-*M metiamide showed a slight shift to 
the right but this probably represented loss of 
sensitivity since no recovery occurred when the anta- 
gonist was washed out of the bath (see Figure 7). 


Mepyramine This H,-receptor antagonist produced 
a dose-related shift in the histamine dose-response 
curve. Mepyramine 107° M produced a parallel shift 
while higher doses produced non-parallel shifts 
(Figure 8). One possible interpretation is that 
mepyramine is a non-competitive antagonist in this 
system, but it is much more likely that the effect is due 
to non-specific loss of sensitivity of the tissue. 
Certainly there was poor recovery of the histamine 
response after washing the high doses of antagonist 
out of the bath. 

If the dose-ratio given by the lowest concentration 
of mepyramine was used to calculate the affinity 
constant, the values obtained in 2 experiments were 
6x 10M (pA,=9.7) and 4x 10° M7! (pA, =9.6). 
These fall within the range reported for mepyramine in 
other tissues with H,-receptors, which vary from 
pA,=9.1 in the guinea-pig tracheal chain preparation 
(Arunlakshana & Schild, 1959) to pA,=9.8 for 
guinea-pig ileum (Ash & Schild, 1966). 


The response to catecholamines 


Adrenaline at a dose of 5 x 10~* M produced a slowly 
developing contracture over the course of 2 min or so. 
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It was not possible to obtain a dose-response curve 
because not only was the effect slow in wearing off, 
but in some cases the muscle continued to contract 
after the adrenaline was washed out of the bath. With 
isotonic recording, the peak response was usually 
about 30% of the 0.1 M KCI contracture (in one case 
it was 50%) and was sometimes little reduced after 20 
minutes. Atropine and (+)-tubocurarine did not affect 
this contraction. Noradrenaline 5x10-°M also 
produced a slow contracture in two preparations in 
which it was tested: This reached 30% of the KCI 
maximum and also continued to increase after the 
drug was washed out. 

Isoprenaline at 5 x 10-6 M produced no effect and 
at 5 x 10-* M produced only a very tiny response, less 
than 5% of the KCi maximum. 


Responses to other pharmacological agents 


Some substances thought to be involved in 
anaphylactic or other immunological responses which 
were tested on the denervated muscle but which had 
no effect were, 5-hydroxytryptamine (up to 107° M), 
bradykinin (up to ‘SOQpg/ml) and slow-reacting 
substance of anaphylaxis. 


Response of sensitized muscle to antigen 


The denervated cremaster muscle manifested Schultz- 
Dale responses. In five preparations from guinea-pigs 
sensitized to ovalbumin, ovalbumin 100 ug/ml elicited 
a contraction about 25% of the 0.1 M KCI maximum. 
The contraction had a long latency and a slow rate of 
shortening and desentitization to subsequent doses 
was observed. As with histamine the best results were 
obteined 4 to 6 weeks after denervation. Mepyramine, 
5 x 10°? M, prevented the response and no response to 
antigen was seen in innervated preparations or in 
denervated preparations from non-sensitized animals. 


Discussion 


The usual preparation used in studies of denervated 
skeletal muscle is the rat diaphragm, which is 
denervated by cutting the phrenic nerve in the neck. 
The denervated diaphragm is not an ideal preparation, 
particularly in the guinea-pig. Not only is the actual 
operation technically more difficult in the guinea-pig 
than in the rat, but having a diaphragm quiescent on 
one side increases the possibility of respiratory 
infections in an animal which is already very 
susceptible to such infections. Another important 
factor is that the setting up of a diaphragm prepara- 
tion necessitates cutting through muscle fibres, which 
decreases the viability of the preparation. The 
cremaster muscle on the other hand forms a neat sac 


which can be dissected out with little damage to the 
muscle. Grant (1966) in a study on the effect of 
denervation on skeletal muscle blood vessels, used the 
cremaster muscle of the rat and reported that section 
of the genito-femoral nerve caused most of the 
myelinated nerve fibres to the muscle to degenerate, 
though many of the perivascular nerve fibres were left 
intact. We found that section of the genito-femoral 
nerve generally produced gradual atrophy of the 
cremaster muscle indicating that this nerve provides 
the main innervation for the muscle. The genito- 
femoral nerve can easily be isolated and divided and 
as it innervates little else besides the cremaster muscle 
and a small area of skin, its section produces little 
interference with the animal in comparison with the 
cutting of the phrenic nerve. 

It should be stated that when using isotonic 
recording with the cremaster preparation the actual 
change of length of the muscle is much less than the 
change seen in a smooth muscle preparation such as 
guinea-pig ileum or uterus. The maximum contraction 
produced by KCI 0.1M represented about 50% 
change in actual muscle length and the maximum 
contraction to ACh in denervated preparations was 
between 25% and 35% of the muscle length. It was 
nevertheless possible to obtain surprisingly consistent 
graded responses to drugs within quite a narrow range 
of change of muscle length. With isometric recording 
on the other hand quite substantial increases of 
tension could be obtained not only with KCI but also 
with ACh. 


The response of the innervated muscle to acetylcholine 


One unexpected finding was that the innervated 
preparations exposed to ACh gave slow dose-related 
contractile responses. These responses were com- 
petitively antagonized by tubocurarine but not 
atropine, and values obtained for the affinity constants 
of the antagonists indicated that the receptors were 
mainly if not entirely nicotinic. This implies that the 
muscle involved is almost certainly skeletal muscle. 
Ninomiya (1975) had suggested that some of the slow 
pharmacological responses which he reported were 
due to the presence of smooth muscle, possibly that 
associated with blood vessels. We feel that the ACh 
responses obtained in the present study (involving 
contractures of up to 5g, competitively antagonized 
by (+}tubocurarine) could not be attributed to the 
presence of smooth muscle. 

Slow contractile responses with ACh are not 
usually seen with mammalian skeletal muscle pre- 
parations. One could postulate that the cremaster 
muscle gave sustained contractions with ACh, instead 
of twitches, because the distribution of receptors is 
different in cremaster muscle from that in most other 
mammalian skeletal muscle and more like that in the 
classical frog rectus preparation and some avian 
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muscles (Hess, 1970). There is evidence that there are 
some skeletal muscles in mammals, for example, the 
extraocular muscles in many species, which contain 
muscle fibres that have multiple nerve terminals and 
which, after a nerve impulse or the application of ACh 
undergo a slow contracture rather than a twitch (see 
Hess, 1970). It is possible that the guinea-pig 
cremaster contains a component of this slow tonic 
skeletal muscle. Another explanation is that the 
thinness of the muscle and the open “‘basket-work’-like 
nature of the arrangement of the muscle fibres allows 
more rapid diffusion of the ACh so that it is able to 
reach a high concentration at the end plates of 
individual muscle fibres before there is marked 
electrical accommodation, or hydrolysis. Preliminary 
microscopic observations did not support the view 
that a substantial part of the tissue was smooth 
muscle. This is in accord with the observations of 
Grant (1966) and Majno, Palade & Schoefl (1961) 
who did detailed histological studies on rat cremaster 
muscle and described the muscle as predominantly 
striated in nature. However, it is still possible that 
some smooth muscle could be present, though it is 
unlikely that it is implicated in the responses to 
cholinomimetic agents described in this study. 


The response of the denervated muscle to acetylcholine 


On the basis of the results obtained in the present 
study the ACh receptors in the denervated 
preparations were also nicotinic. In this respect our 
results with this muscle differ from those obtained with 
the denervated anterior gracilis muscle of the rat in 
situ. Turkanis (1969) using this latter preparation 
found that equal doses of atropine and (+)tubo- 
curarine produced equivalent effects m that they 
necessitated the same increase in the amount of ACh 
required to produce a given amount of depolarization 
of the muscle fibre membrane. However, Dale & 
Gaddum (1930) and Beránek & Vyskočil (1967) using 
in vitro preparations found that the concentration of 
atropine had to be 300 times greater than that of tubo- 
curarine to produce the same effect. Our results with 
the denervated cremaster muscle are in accord with 
these latter observations. 


The effect of anticholinesterases 


One other perhaps rather unexpected finding with this 
muscle was that the ACh response in denervated 
muscle showed some potentiation in the presence of 
anticholinesterases. In fact the potentiation was 
similar to that seen in innervated muscle. One 
explanation is that the muscle had not been completely 
denervated and that some cholinesterase was still 
present in association with a few remaining nerve 
fibres (Grant, 1966). It would be of interest to examine 
the distribution of cholinesterase in this muscle before 
and after denervation. 
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The response to histamine 


It was reported by Alonso-de Florida et al. (1965) that 
denervated guinea-pig diaphragm responded to 
histamine. Ninomiya (1975) claimed that histamine 
increased basal tension and generated spontaneous 
contractions in a cut section of innervated cremaster 
muscle—the tip. In the present study we were unable 
to obtain contractions to histamine in whole 
innervated cremaster muscle, but a reasonable dose- 
response curve to histamine could be obtained with the 
denervated preparation. The histamine responses 
could be antagonized by the H,-receptor antagonist, 
mepyramine, but not by the H,-receptor antagonist 
metiamide. The affinity constant obtained for 
mepyramine fits in with those obtained from other 
tissues with H,-receptors. Similarly selective effects 
with these two types of antagonists were also obtained 
in denervated guinea-pig diaphragm by Dale & Eving 
(unpublished results). If the histamine response of 
denervated guinea-pig skeletal muscle is due to the 
appearance or uncovering of receptors for histamine, 
it would seem that these receptors are H,-receptors. 


Spontaneous contractions 


Ninomiya (1975) reported spontaneous contractions 
in cremaster preparations. We did not obtain 
spontaneous contractions in any preparations in 
which isotonic recording methods were employed. In a 
few preparations in which isometric-recording was 
used, spontaneous contractions of 100—250 mg were 
seen towards the end of a long experiment. These 
small fluctuations in basal tension could well have 
been due to smooth muscle, but we did not find that 
etther histamine or ACh increased them. 

The difference between our results and Ninomiya’s 
could possibly be due to strain differences in guinea- 
pigs or to the fact that he used a cut section of the 
muscle, the tip, whereas all our experiments were 
performed on whole intact muscles. 


The response of the denervated preparation to 
catecholamines 


Many studies have reported that denervated skeletal 
muscle develops sensitivity to catecholamines (Ellis, 
1959; Bhoola & Schachter, 1961; Bowman & Raper, 
1965) though Turkanis (1969) reported that topically 
applied catecholamines had no effect on the 
denervated anterior gracilis muscle of the rat. In the 
present study adrenaline and noradrenaline both 
produced sustained contractures. These responses also 
occurred in the presence of atropine and (+)tubo- 
curarine, so, as was concluded by Bowman & Raper 
(1965), cholinergic mechanisms are not involved. 
Isoprenaline produced virtually no response except in 
very high concentration. These findings suggest that if 
catecholamine receptors are present they are possibly 
a-receptors. Paterson (1963) using rat hemi- 
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diaphragm concluded that a-receptors were present in 
denervated skeletal muscle, whereas Bowman & 
Raper (1965) using the denervated tibialis anterior of 
the cat concluded that -receptors were present. 

The adrenaline response reported by Ninomiya 
(1975) in innervated muscle could be due either to the 
smooth muscle which he postulates is present, or to 
slow tonic skeletal muscle, which has also been 
reported to give contractures with adrenaline 
(Bowman & Nott, 1969). 


The anaphylactic response of denervated muscle 


The denervated cremaster muscle from guinea-pigs 
sensitized with ovalbumin gave typical Schultz-Dale 
responses when exposed to the antigen in vitro. The 
peak time for the reaction coincided with the peak 
time for the histamine response, 6 weeks after 
denervation, and like the histamine response it could 
be antagonized by mepyramine. A similar anaphy- 
lactic response has been reported by Alonso-de 
Florida et al. (1965) and Alonso-de Florida, del 
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(DOPA) ON SINGLE CORTICAL NEURONES 
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1 The technique of microelectrophoresis was used in order to compare the actions of L-3,4- 
dihydroxyphenylalanine C(DOPA) and noradrenaline on single neurones in the cerebral cortices of cats 


and rats. 


2 DOPA could both excite and depress cortical neurones. Cells excited by DOPA were also excited 
by noradrenaline and cells depressed by DOPA were also depressed by noradrenaline. 


3 In the case of both excitatory and depressant responses, DOPA appeared to be less potent than 


noradrenaline. 


4 Responses to DOPA and noradrenaline could be antagonized by phentolamine and propranolol. 


Responses to acetylcholine were not affected. 


5 Responses to acetylcholine, but not responses to DOPA, were antagonized by atropine. 


6 The results indicate that locally applied DOPA may mimic the actions of noradrenaline on cortical 
neurones. Possible mechanisms for these effects of DOPA are discussed. 


Introduction 


L-3,4-Dihydroxyphenylalanine (DOPA) is widely used 
in the treatment of Parkinson’s disease. DOPA is the 
metabolic precursor of dopamine, and it is generally 
assumed that DOPA exerts its therapeutic effect via 
the synthesis and release of dopamine in the caudate 
nucleus (Hornykiewicz, 1974). However, DOPA is 
also a precursor of noradrenaline (NA), and it has 
been suggested that in structures receiving a NA 
innervation, exogenously administered DOPA may 
cause the release of NA from presynaptic terminals 
and thus mimic the actions of NA on post-synaptic 
cells (Andén, Carlsson & Haggendal, 1969). In the 
experiments described here we compared the effects of 
microelectrophoretically applied DOPA and NA on 
single neurones in the cerebral cortex, since this 
structure is known to be innervated by NA-containing 
neurones (Fuxe, 1965). 

Some of these results have been reported to the 
British Pharmacological Society (Bevan, Bradshaw & 
Szabadi, 1975Sa). 


Methods 


The experiments were conducted on adult cats of 
either sex (2—3.5 kg) and on male albino Wistar rats 


16 


(250-300 grams). The animals were anaesthetized 
with halothane (0.5—1.2%). Our methods for the 
surgical preparation of the animals and the 
manufacture of six-barrelled glass micropipettes for ex- 
tracellular recording and microelectrophoretic drug 
application, have been described previously (Bradshaw, 
Roberts & Szabadi, 1973a; Bradshaw, Szabadi & 
Roberts, 1973b; Bevan, Bradshaw & Szabadi, 1975b). 

Micropipettes having tip diameters of 3~5 um were 
used. Two barrels of each micropipette contained 4 M 
NaCl, one barrel for recording action potentials, the 
other for use in current balancing (Roberts & 
Straughan, 1967). The remaining barrels contained 
drug solutions. The following drug solutions were 
used: L-3,4dihydroxyphenylalanine methylester 
hydrochloride (0.05 M, pH 5.0), (—)-noradrenaline 
bitartrate (0.05 M, pH 3.0~-3.5), acetylcholine chloride 
(0.05 M, pH 3.5—4.0), phentolamine mesylate (0.01 M, 
pH 4.5—5.5), propranolol hydrochloride (0.01 M, 
pH 4.5-—5.5) and atropine sulphate (0.01 M, 
pH 5.5-6.0). 

Only spontaneously active neurones were studied in 
these experiments. All the drugs were applied by 
microelectrophoresis. When a suitable unit was 
encountered, the agonists were applied in a regular 
cycle. Between successive drug applications retaining 
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Figure 1 Correlation between effects of L-3,4-dihydroxyphenylalanine (DOPA) and noradrenaline (NA). 


Ratemeter recordings of the firing rates of two cortical neurones In the rat (a and b). Ordinates: firing rate 
(spikes/s); abscissae: running time (min). Horizontal bars indicate microelectrophoretic drug applications; 
numbers refer to intensities of ejecting currents (nA). (a) A cell which was excited by both DOPA and NA: {b) a 


cell which was depressed by both DOPA and NA. 


currents of —10 nA were passed. Intervals between 
successive applications of the same agonist were kept 
constant in order to standardize the effects of the 
retaining current upon drug release during the ejection 
periods (Bradshaw ef al., 1973a; 1973b). The sizes of 
the neuronal responses to the agonists were expressed 
as the total number of action potentials produced in 
response to each drug application (‘total spike 
number’), The total spike number was calculated by 
measuring the number of spikes generated between the 
onset of the drug application and the recovery of the 
baseline firing rate, and subtracting the number of 
spikes generated during an equivalent control period 
(Bradshaw et al., 1973b; Bevan, Bradshaw, Roberts & 
Szabadi, 1974). 

The effects of antagonists were evaluated in the 
following way. When stable responses to the agonists 
had been obtained, the antagonist was applied con- 
tinuously, either by removal of the retaining current 
(thus allowing the drug to diffuse out from the 
micropipette) or by the passage of a weak ejecting 
current (5 to 10A), and the time-course of the 
developing antagonism was followed. If necessary, the 
intensity of the ejecting current was increased until 
antagonism was observed. Then the application of the 
antagonist was terminated and the time-course of 
recovery was followed. The response to an agonist 
was regarded as antagonized if there was at least a 
50% reduction in the total spike number (Bevan et al., 
1974). 


Results 
Agonistic effect of DOPA 


Responses of cortical neurones to DOPA. Both 
excitatory and depressant responses to DOPA were 
observed in these experiments. The effect of DOPA 
(25—150 nA, applied for 25—100 s) was tested on 51 
neurones in the rat; 44 were excited and 7 were 
depressed by DOPA. Eleven neurones were studied in 
the cat; of these 10 were excited and one depressed by 
DOPA. The predominance of excitatory responses in 
both species is statistically significant (binomial test, 
P<0.01 in both cases). 


Direction of responses to DOPA and noradrenaline. 
Responses to both DOPA and NA were obtained from 
40 cells (cat 10 cells; rat 30 cells), All of these cells 
responded in the same direction to the two drugs, cells 
excited by DOPA being also excited by NA and cells 
depressed by DOPA being also depressed by NA 
(Figure 1), This positive correlation between the effects 
of the two drugs is statistically significant (y? test, 
P<0.001). 


Comparison of apparent potencies of DOPA and 
noradrenaline. In 34 of the 40 cells on which the 
effects of DOPA and NA were compared, DOPA 
appeared to be less potent than NA (binomial test, 
P<0.01). When DOPA and NA were applied to the 
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Figure 2 Comparison of apparent potencies of noradrenaline (NA) and 1-3,4-dihydroxyphenylalanine 
(DOPA). (a) Excitatory responses. Ratemeter recordings of firing rates of single cortical neurones in cat 
(trace 1) and rat (trace 2). (1): DOPA evoked a smaller response than NA when both drugs were applied with 
identical ejecting pulses; (2) in order to evoke approximately equivalent responses, a higher current was 
needed to apply DOPA than NA. (b) Depressant responses. Current-response curves for suppression of firing 
rate, measured at squillbrium, plotted against intensity of ejecting current, on a log scale. Data were obtained 
from a single cortical neurone in the rat. Each point represents one individual response. DOPA was apparently 
less potent than NA; the equipotent current ratio at 50% response was 18. 


same cell with identical ejecting pulses the size of the 
response (see Methods section) evoked by NA was 
1.8—3.4 times greater (inter-quartile range) than the 
response evoked by DOPA. In order to obtain approx- 
imately equivalent responses to the two drugs, the 
current needed to apply DOPA was 2.0--3.0 times 
greater (inter-quartile range) than that needed to apply 
NA. The lower potency of DOPA than NA was 
apparent in the case of both excitatory and depressant 
responses. Examples are shown in Figure 2. 


Comparison af latencies to onset of responses to DOPA 
and noradrenaline, The latencies to onset of 
responses to DOPA and NA were compared in 12 cells 
to which the two drugs were applied with identical 
ejecting currents. The latencies of responses to DOPA 
were 1.7--2.3 times greater (inter-quartile range) than 
those of responses to NA. 


Effects of antagonists on responses to DOPA 


In these experiments the effects of the antagonists on 
responses to DOPA were compared with their effects 
on responses to NA and acetylcholine (ACh). 


Phentolamine. The effects of phentolamine were 
studied on 12 cells excited by DOPA (cat: 6 cells; rat: 
6 cells). In all the cells tested, phentolamine (O—40 nA, 
applied for 10-60min) reversibly antagonized 
excitatory responses to DOPA; excitatory responses 
to NA were also antagonized. These effects of 
phentolamine occurred at times when responses to 
ACh were not affected (see Figure 3). However, more 
prolonged applications of phentolamine were 
sometimes accompanied by loss of spike amplitude 
and reduced sensitivity to ACh. 
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Figure 3 Effect of phentolamine on excitatory responses to 1L-3,4-dlhydroxyphenylalanine {DOPA), 
noradrenaline (NA) and acetyicholine (ACh). Ratemeter recording of firing rate of single cortical neurone in the 
rat. Figures above the traces Indicate total splke numbers (%) taking the sizes of the control responses to each 
agonist as 100%. (a) Control responses to the agonists; (b) responses to the agonists during the continuous 
application of phentolamine. Phentolaminge was applied by removal of the retaining current and at the start of 
trace {b} had been applied continuously for 21 minutes. The responses to NA and DOPA, but not the response to 
ACh, were antagonized. (c) Recovery of responses, 16 min after the application of phentolamine had been 
terminated. 


In two cells in the rat, phentolamine failed to 
antagonize depressant responses to DOPA and NA. 


Propranolol. The effects of propranolol on 
excitatory responses to DOPA, NA and ACh were 
tested on 11 cells in the rat. In 8 of these cells 
propranolol (0—10nA, applied for 10—40 min) 
reversibly antagonized the responses to DOPA and 
NA without affecting responses to ACh (see Figure 4). 
In the remaining 3 cells, propranolol produced a 


reduction in spike amplitude which precluded 
successful drug interaction studies. 


Atropine. The effects of atropine on excitatory 
responses to DOPA and ACh were tested on 6 cells in 
the rat. In all the cells tested, atropine (0—10 nA, 
applied for 10—30 min) reversibly antagonized the 
responses to ACh with little effect on responses to 
DOPA. An example of a cell on which the effects of 
both atropine and propranolol were studied is shown 
in Figure 5. On one cell atropine reversibly abolished 


Figure4 Effect of propranolol on excitatory responses to 1-3,4-dlhydroxyphenylaianine (DOPA), 
noradrenaline (NA) and acetylcholine (ACh). Ratemeter recording of firing rate of a single cortical neurone in 
the rat (as In Figure 3}. (a) Control responses to the agonists; (b) responses to the agonists during the 
continuous application of propranolol. At the start of trace (b) propranolol (10 nA) had been applied 
continuously for 11 minutes. The responses to NA and DOPA, but not the response to ACh, were antagonized. 
(c) Recovery of responses, 6.5 min after the application of propranolol had been terminated. 


Figure 6 Comparison of effects of propranolol! and atropine on excitatory responses to 1-3,4- 
dihydroxyphenylalanine (DOPA) and acetylcholine (ACh). Ratameter recording of firing rate of single cortical 
neurone In the rat (as in Figure 3): (a) and (b) are from two studies conducted on the same neurone. (a) Effect of 
propranolol: (i) control responses to DOPA and ACh; (ii) responses to the agonists during the continuous 
application of propranolol. At the start of trace (Il), propranolol (10 nA) had been applied continuously for 
7.5 minutes. The response to DOPA, but not the response to ACh, was antagonized. (ili) Recovery of responses, 
8 min after the application of propranolol had been terminated. (b) Effect of atropine: (i) control responses to 
DOPA and ACh; (il) responses to the agonists during the continuous application of atropine. At the start of 
trace (li), atropine (10 nA) had been applied for 8 minutes. The response to ACh was antagonized, but the 
response to DOPA was not greatly affected. (Ili) Recovery of the responses 12 min after the application of 
atropIne had been terminated. 
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the excitatory effects of ACh without affecting 
depressant responses to DOPA. 


Discussion 


The results described here indicate that the effects of 
DOPA on single cortical neurones are very similar to 
those of NA. Firstly, it was found that cells invariably 
responded in the same direction to the two drugs. This 
contrasts with much lower correlations between the 
effects of NA and ACh, or NA and 5-hydroxy- 
tryptamine on cortical neurones (Johnson, Roberts, 
Sobieszek & Straughan, 1969; Bradshaw, Roberts & 
Szabadi, 1971; Bevan et al, 1974). Secondly, the 
excitatory effects of both DOPA and NA could be 
abolished by phentolamine and propranolol when 
responses to ACh remained unaffected, while 
responses to DOPA were not affected by atropine 
when responses to ACh were completely abolished. 
The selectivity of these antagonists with respect to 
NA and ACh in our experiments is in agreement with 
the observations of Johnson et al. (1969). The present 
finding of a close correlation between the effects of 
DOPA and NA seems to be in contrast with the 
observations of Krnjević & Phillis (1963) who 
reported that DOPA had a weak excitatory action on 
cortical neurones whie NA was predominantly 
depressant. However, these authors did not report 
within-cell comparisons of the effects of the two drugs. 

A possible explanation for the agonistic effects of 
DOPA seen in our experiments is the release of NA 
from noradrenergic nerve terminals. There is evidence 
that such a mechanism underlies the facilitatory 
effects of DOPA on spinal reflexes (Andén et al., 
1969; Andén, Engel & Rubenson, 1972a) and the 
stimulant effects of DOPA on locomotor activity 
(Corrodi, Fuxe, Ljungdahl & Ögren, 1970). Since 
these actions of DOPA coincide with raised levels of 
NA in the CNS, and can be blocked by drugs which 
inhibit the synthesis of NA from DOPA, it is unlikely 
that DOPA exerts a direct action of its own in these 
test systems. However, in the present experiments, the 
possibility cannot be excluded that DOPA acted 
directly on post-synaptic NA receptors. The 
observation that the latency to onset of responses to 
DOPA was greater than that of responses to NA 
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EFFECTS OF KETAMINE ON THE PERIPHERAL 
AUTONOMIC NERVOUS SYSTEM OF THE RAT 
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J.C. McGRATH? 
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i1 The effects of ketamine (2-(o-chlorophenyl) 2-methylaminocyclohexanone) (2—50 mg/kg) on the 
responses of the pithed rat arterial pressure, anococcygeus muscle and colon to selective stimulation of 
the spinal autonomic outflows were examined. 


2 Ketamine depressed the vasopressor response produced by stimulation of the lumbar sympathetic 
outflow in a dose-dependent manner but did not significantly affect the pressor response to intravenous 
noradrenaline (NA) administration. 

3 Ketamine depressed the motor responses of the anococcygeus to stimulation of the pre-ganglionic 
lumbar sympathetic outflow or to stimulation of post-ganglionic fibres in the sacral region in a dose- 
dependent manner, the response to preganglionic stimulation being relatively more sensitive to such 
depression. The anococcygeus response to NA was significantly potentiated with doses of ketamine of 
20 mg/kg and 50 mg/kg. 

4 Ketamine depressed the motor response of the smooth muscle of the colon to stimulation of the 
sacral parasympathetic outflow in a dose-dependent manner and at lower doses than were required to 
produce an equivalent depression of the sympathetic responses in the other tissues. 

5 A comparison was made of the effects of ketamine and cocaine on the motor responses of the 
anococcygeus muscle in vitro to NA, carbachol and field stimulation. Both ketamine and cocaine 
produced a non-specific depression of all responses at high doses whereas cocaine but not ketamine 
produced a large potentiation of NA and motor nerve responses at lower doses. 

6 The results are discussed in relation to the hypothesis that ketamine might elevate blood pressure in 


conscious animals and man by potentiating vascular adrenergic responses. 


Introduction 


Ketamine is unique among intravenous anaesthetic 
agents in producing an increase in blood pressure and 
heart rate in man and in several species of animals 
(Domino, Chodoff & Corssen, 1965; McCarthy, 
Chen, Kaump & Ensor, 1965). It has been suggested 
that the pressor action involves the sympathetic 
nervous system since it can be abolished by pre- 
treatment with a-adrenoceptor blocking agents 
(Traber & Wilson, 1969), but it is not known whether 
the site of action is central or peripheral. Chang, Chan 
& Ganendran (1969) have suggested that ketamine 
may release catecholamines into the bloodstream in 
the pithed rat and that this might be responsible for its 
pressor action. 


1 Present address: Department of Pharmacology, Medical 
Sciences Building, University of Alberta, Edmonton, 
Alberta, Canada. 

2? Present address: Institute of Physiology, University of 
Glasgow, Glasgow G12 8QQ. 


Recently Nedergaard (1973), and Montel, Starke, 
Gorlitz & Schumann (1973) have shown that 
ketamine can inhibit the neuronal uptake mechanism 
for noradrenaline (NA) in yitro, and can potentiate 
responses to both NA and sympathetic nerve 
stimulation both in vitro and with prolonged infusion 
of ketamine in vivo. The neuronal uptake process for 
NA has been shown to be an important factor in the 
physiological operation of adrenergic nerves and in the 
pharmacological efficacy of many drugs in vitro or in 
the central nervous system in vivo (Iversen, 1973) but 
has not until now been implicated in the peripheral 
actions of drugs in vivo. However, Muscholl (1961) 
has demonstrated that cocaine blocks neuronal NA 
uptake and potentiates pressor responses to NA in the 
pithed rat. 

In this study, the effects of ketamine were examined 
on the responses of the arterial blood pressure and the 
anococcygeus muscle to sympathetic nerve 
stimulation or to intravenous NA and on the 
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responses of the colon to parasympathetic nerve 
stimulation, in the pithed rat (Gillespie, MacLaren & 
Pollock, 1970). 

In order to compare the doses used with those used 
previously to block neuronal NA uptake, the effect of 
ketamine was also examined on the responses of the 
anococcygeus muscle in vitro to agonist drugs and to 
field stimulation. A preliminary account of these results 
has been published (Clanachan & McGrath, 1975). 


Methods 
Sprague-Dawley rats (250—300 g) were used. 


Pithed rat 


The rats were pithed under halothane by the method 
of Gillespie ef al. (1970), The trachea was intubated 
and ventilation with 100% O, at 60 min~' (Harvard 
Instruments Rodent Ventilator) was adjusted to give 
an end tidal CO, of 4% (Beckman LB2 Medical Gas 
Analyser). Drugs were administered via a polythene 
cannula in the right jugular vein and arterial pressure 
monitored from a polythene cannula in the left carotid 
artery (Bell and Howell type 4-327-L221 transducer). 

The tension in the anococcygeus muscle was 
monitored isometrically (Devices type 4151 
transducer), by tying a thread around the ventral bar 
of the tissue via an incision in the scrotum. The tissues 
were kept moist by a pool of liquid paraffin (Gillespie 
& McGrath, 1973). Activity of the circular muscle of 
the colon was monitored by placing a small balloon 
inside and measuring pressure changes with a Bell and 
Howell (type 4-327-L221) transducer (Gillespie et al., 
1970). Rectal temperature was maintained at 37°C by 
warming the animal with a tungsten lamp. 
Anococcygeus tension, colon pressure, heart rate and 
arterial pressure were displayed on a Devices MX4 
recorder. 

Stimulation of the sympathetic outflow was by 
means of the unshielded 10 mm long stainless steel tip 
of the pithing rod and a silver indifferent electrode 
inserted under the skin (Devices isolated stimulator, 
supramaximal voltage, l ms pulses, 10Hz, 10s 
periods every 5 minutes). Stimulation at L1-2 
produced pressor responses due to stimulation of the 
preganglionic sympathetic outflow to the vascular bed 
(Gillespie et al., 1970), and contraction of 
anococcygeus muscles due to stimulation of the pre- 
ganglionic sympathetic outflow to this latter tissue 
(Gillespie & McGrath, 1973). Stimulation at 51-2 
produced no pressor response but contracted the 
anococcygeus muscles due to stimulation of post- 
ganglionic fibres to this tissue (Gillespie & McGrath, 
1973), and contracted the circular muscle of the colon 
due to simultaneous stimulation of the preganglionic 
sacral parasympathetic outflow (Gillespie et al., 1970). 
Contraction of skeletal muscle was prevented by 
administration of pancuronium (1 mg/kg). 


Standard, reproducible, submaximal responses were 
obtained by stimulation of the appropriate region of 
the spinal canal and by the administration of NA (i.v.) 
at 10 min intervals. Doses of ketamine were then 
administered intravenously 2 min before a stimulation 
period or NA dose was due. At least 30 min was 
allowed between doses of ketamine for return of 
responses to control levels. Each response following 
ketamine was expressed as a percentage of the control 
response preceding ketamine. 


Anococcygeus in vitro 


Rats were killed by a blow on the head, and ex- 
sanguination. Isolated anococcygeus muscles were 
studied in vitro by the method of Gillespie (1972); the 
muscles were placed in 10 ml baths containing Krebs 
solution at 37°C and gassed with 95% O, and 5% 
CO, The muscles were threaded through platinum 
field stimulation electrodes and tension recorded iso- 
metrically with Grass FTO3 transducers. Tension was 
displayed on a Grass Model 7 polygraph. Field 
stimulation was applied with a Tektronix stimulator 
(supramaximal voltage, 1 ms pulses) and drugs added 
to the bath in volumes of 0.2 ml or less. Reproducible 
submaximal responses were obtained to field 
stimulation at 10 Hz for 10s periods or to addition to 
the bath of NA 3M or carbachol 1 uM. Sufficient 
contact time was allowed with the agonist drugs to 
reach a plateau response. These parameters were 
chosen since they produce responses of similar 
magnitude; approximately 50% of the maximum 
response of the tissue. When each concentration of 
ketamine and cocaine was added to the bath, at least 
5 min was allowed for equilibration before responses to 
NA, carbachol or field stimulation were tested. 
Following each dose, the tissue was washed until 
reproducible responses similar to the initial controls 
were obtained before testing the next highest dose of 
ketamine or cocaine. Responses in the presence of 
each dose of ketamine or cocaine were expressed as a 
percentage of the control preceding administration at 
that dose. 

Comparison of responses before and after each 
dose of ketamine or cocaine in vitro or in the pithed 
rat was made using a paired ¢test. 

The following drugs were used: carbachol 
(Burroughs Wellcome); cocaine hydrochloride 
(Macarthys); ketamine hydrochloride (Ketalar, Parke 
Davis); noradrenaline bitartrate (Sigma) and pan- 
curonium bromide (Pavulon, Organon). 


Results 


Pithed rat arterial pressure responses 


Ketamine 2—50 mg/kg had a biphasic effect on the 
resting arterial pressure of the pithed rat, producing an 
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Figure 1 Effect of ketamine on the arterial pressure 


response in the pithed rat to intravenous nor- 
adrenaline {O) or stimulation of the preganglionic 
sympathetic outflow at L1-2 (a). NA dose 400 ng/kg; 
sympathetic stimulation, 10mm electrode, supra- 
maximal voltage, 1 ms pulses, 10 Hz for 10 s period. 
Responses 2 min after ketamine are expressed as a 
percentage of the control response preceding 
ketamine. Vertical lines show s.e. mean (n= 6). 

Statistical comparison using palred t test of post- 
ketamine responses compared with controls: *** 
P<0.001. 


a œ 
Q 


Response (% control) 
5 





2 5 10 20 50 
Ketamine (mg/kg) 


Figure 2 Effect of ketamine on the anococcygsus 
muscle response in the pithed rat produced by 
Intravenous noradrenaline (O), stimulation of the pre- 
ganglionic sympathetic outflow at Li-2 (A) or 
stimulation of postgangllonic sympathetic fibres at 
$1-2 (A). NA dose 4 pg/kg: sympathetic stimulation, 
10mm electrode, supramaximal voltage, 1 ms 
pulses, 10 Hz for 10 s period. Responses 2 min after 
ketamine are expressed as a percentage of the 
control response preceding ketamine. Vertical lines 
show s.e. mean (1=6). 

Statistical comparison using palred t test of post- 
ketamine responses compared with controls: 
** 0.01 > P>0.001;*** P< 0.001. 
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Figure 3 Effect of ketamine on the responses in the 
pithed rat to stimulation of {1} the sympathetic 
outflow at L1-—2; arterial pressure (A.P. O) and 
anococcygeus (Anoc, A); (2) the parasympathetic 
outflow at S1-2: colon (Colon, @). Stimulation 
parameters: 10mm electrodes, supramaximal 
voltage 1 ms pulses; in (1) 10 Hz, 10s period, In (2) 
10 Hz, 30 s period. Responses 2 min after ketamine 
are expressed as a percentage of the contro! response 
preceding ketamine. Vertical lines show s.6. mean 
(n= 6). 

Statistical comparison using a paired t test of 
post-ketamine responses cf. controls: 
** 0.01 > P> 0.001; *** P <0.001. 


initial transient fall in pressure followed by a short- 
lived rise. The initial fall was accompanied in every 
case by a fall in heart rate. 

NA (400 ng/kg; i.v.) produced reproducible sub- 
maximal rises in arterial pressure of 65+3 mmHg, 
n= 20. Ketamine 2—50 mg/kg had no significant 
effect on these responses (Figure 1). 

Stimulation of the preganglionic sympathetic 
outflow (LI-2) at 10 Hz for 10s produced repro- 
ducible, submaximal rises in arterial pressure of 
37+3 mmHg, n=20. Ketamine depressed these 
responses in a dose-dependent fashion which was 
statistically significant at 20 and 50 mg/kg (Figure 1). 


Anococcygeus responses 


Ketamine 2—50 mg/kg had no effect on the resting 
tension of the anococcygeus muscle. 

NA (4yg/kg; iv.) caused reproducible sub- 
maximal increases in anococcygeus tension of 
2.9+0.2g, m=20. Ketamine produced a dose- 
dependent potentiation of these responses which was 
statistically significant at 20 and 50 mg/kg (Figure 2). 

Stimulation of the preganglionic sympathetic 
outflow (L1-2) at 10 Hz for 10s produced repro- 
ducible, submaximal increases in anococcygeus 
tension of 6.6+0.2 g, n=20. Ketamine produced a 
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Figure 4 Effects of ketamine and cocaine on the motor responses of the /n vitro anococcygeus muscle, to 
noradrenaline (NA) 3 uM (O), carbachol (CCh) 1 1M (0) and field stimulation (FS, A), Responses in’the presence 
of ketamine or cocaine are expressed as 8 percentage of control responses. Vertical lines show s.e. mean (n=68). 

Statistical comparison using a palred ¢ test of responses in the presence of ketamine cf. controls: 


** 0.01 >P>0.001;*** P< 0.001. 


dose-dependent inhibition of these responses which 
was Statistically significant at 10 mg/kg and above 
(Figure 2). Stimulation with the pithing rod electrode 
at SI-2, (10 Hz, 10s) which excites postganglionic 
sympathetic fibres to the anococcygeus (Gillespie & 
McGrath, 1973), produced reproducible submaximal 
responses in the anococcygeus of 6.4+0.3 g, n=20. 
Ketamine inhibited these responses in a dose- 
dependent manner which was statistically significant 
at 10 mg/kg and above. The extent of this inhibition 
was significantly less than in the case of preganglionic 
stimulation (Figure 2). 


Colon responses 


Stimulation of the parasympathetic outflow at L5-6 
produced reproducible increases in pressure in a 
balloon inside the colon. Ketamine inhibited these 
responses in a dose-dependent manner which was 
statistically significant at doses of 5 mg/kg and above. 
With a dose of 20 mg/kg of ketamine the response was 
completely extinguisned in every experiment 
(Figure 3). 


Anococcygeus in vitro 


Effects of ketamine. The dose-response curve in 
Figure 4 illustrates that ketamine (0.3 uM to 3 mM) 
inhibited responses to all three stimuli (NA, carbachol 
and field stimulation) in a dose-related manner but the 
magnitude of this inhibition was carbachol > field 
stimulation > NA. In addition there was a relative 
potentiation of the responses to NA in the range of 
concentration of ketamine 30 uM to 300 uM compared 
with the inhibition produced at lower or higher doses 
although this did not reach statistical significance 
compared with the pre-ketamine controls. In 7 out of 8 
tissues tested, however, the response to NA was 
potentiated by either 30 uM or 300 uM ketamine. 


Effects of cocaine. Cocaine significantly potentiated 
responses to NA and field stimulation with a 
maximum at 10 uM, whereas responses to carbachol 
were not significantly increased at any dose tested 
(Figure 4). The potentiation of NA responses 
increased to a maximum at cocaine 10uM and 
declined with a further increase in cocaine concen- 


tration to 100 uM. The responses to carbachol were 
unaffected by cocaine at doses up to 10 uM, whereas 
they were depressed at 100 uM. Responses to field 
stimulation were potentiated by cocaine in a dose- 
related manner until the cocaine concentration 
reached 10 uM. At cocaine 100 uM, responses to field 
stimulation were significantly inhibited (Figure 4). 


Discussion 


These results lend little support to the hypothesis that 
ketamine might raise blood pressure by peripheral 
potentiation of sympathetic nerve responses. The only 
evidence found in this study for a potentiation of 
adrenergic responses in vivo by ketamine was a small 
increase in the response of the anococcygeus muscle 
to NA with the highest doses of ketamine of 20 or 
50 mg/kg (i.v.). However, the response of the 
vasculature to NA showed no potentiation at any 
dose and the responses of both the vasculature and the 
anococcygeus muscle to stimulation of the pre- 
ganglionic sympathetic outflow were depressed by 
ketamine in a dose-dependent manner. In vitro, the 
response to NA of the anococcygeus muscle was 
depressed in a dose-dependent manner although in the 
range of ketamine concentration 30 uM to 300 uM, the 
responses of some preparations were increased, 
perhaps indicating a small potentiating effect of 
ketamine in this range. The response to field 
stimulation of the adrenergic motor nerves in the 
anococcygeus was, however, also depressed by 
ketamine in a dose-dependent manner. 

This does not conflict with the evidence that 
ketamine can block neuronal NA uptake im vitro 
(Nedergaard, 1973; Montel et al., 1973). However, at 
the high doses of ketamine required to produce 
potentiation of NA responses, widespread depressant 
effects contribute to a net effect in the whole animal 
which would act against any pressor effect. Thus the 
responses to stimulation of post-ganglionic 
sympathetic nerves to the anococcygeus are depressed 
in vivo or in vitro and responses to preganglionic 
sympathetic nerve stimulation to the anococcygeus or 
the vascular system are depressed to an even greater 
degree. This suggests depressant effects at two sites at 
least in the sympathetic pathway viz. the ganglion 
synapse and the postganglionic terminal synapse. 
When the parasympathetic pathway to the colon is 
considered, the degree of depression by ketamine was 
greater still and occurred at doses of ketamine as low 
as 5 mg/kg (i.v.) (Figure 3). 

The effects of cocaine on the in vitro anococcygeus 
illustrate that with the protocol employed it is possible 
to detect potentiation of adrenergic responses due to 
blockade of neuronal uptake of NA. It has previously 
been demonstrated that cocaine | uM potentiates NA 
responses in this tissue (Gibson & Pollock, 1973). The 
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present study confirms this and illustrates that this 
effect increases with increasing doses of cocaine up to 
10 uM as also does the potentiation of the effects of 
adrenergic nerve stimulation. At 100 UM cocaine, 
however, the local anaesthetic action predominates 
and both nerve-mediated and post-synaptic responses 
are depressed. In vivo, Muscholl (1961) has shown 
that cocaine (10—20 mg/kg) can potentiate the pressor 
response to NA in the pithed rat and McGrath (1973) 
has shown that cocaine (1 mg/kg) can potentiate the 
vasopressor and anococcygeus muscle responses to 
stimulation of the lumbar sympathetic outflow of the 
pithed rat. Simpson (1975) has shown also that the 
ID,, for blockade of neuronal NA uptake into the 
heart of the pithed rat is 3 mg/kg cocaine. 

The relative potency of ketamine and cocaine at 
blocking neuronal NA uptake is relevant to any 
possible mechanism contributing to a pressor response 
in the whole animal. From the present study and from 
the earlier work on blockade of neuronal NA uptake 
(Nedergaard, 1973; Montel et al., 1973) ketamine 
appears to be 30 to 100 times less potent than cocaine 
on a molar basis at potentiating NA responses. If, 
therefore, 1-20 mg/kg (3.3—66 pmol/kg) cocaine is 
required to produce potentiation of responses in vivo, 
it is likely that the dose of ketamine to produce the 
same effect would be at least in the order of 
20—100 mg/kg (89—440 umol/kg). This is confirmed 
by the results for the anococcygeus in the pithed rat 
where only doses of ketamine of 20 and 50 mg/kg 
(i.v.) produced potentiation of NA responses and any 
higher doses stopped the heart by a direct depression 
of the myocardium (Dowdy & Kaya, 1968). In 
contrast, the anaesthetic doses of ketamine which raise 
arterial pressure in man and several animal species are 
of the order of 2—5 mg/kg (i.v.) (McCarthy et al, 
1965; Domino et al., 1965; Traber & Wilson, 1969; 
McGrath, Mackenzie & Millar, 1975a). In addition, 
since ketamine does not block the baroreceptor reflex 
controlling sympathetic tone (McGrath, Mackenzie & 
Millar, 1975b), any small effect due to a peripheral 
action would not be maintained due to the ‘buffering’ 
effect of this reflex. 

We suggest that ketamine, like cocaine, possesses 
the dual properties of neuronal NA uptake blockade 
and local anaesthetic-type depression of synaptic 
transmission, but that whereas cocaine possesses the 
former property at low doses and the latter at high 
doses, with ketamine the optimal doses for each 
property are close together and, therefore, the net 
effect will depend on the system under investigation. 

In conclusion, the results suggest that ketamine 
does not produce pressor effects in anaesthetic doses 
by a potentiation of adrenergic responses. Doses 
which do produce some potentiation of peripheral 
adrenergic responses are higher than anaesthetic doses 
and produce predominantly depressant effects on the 
peripheral autonomic nervous system. 
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RENAL FUNCTION AND 


RENAL VENOUS PROSTAGLANDIN 


G.W. SMITH & LILIANA |. SOMOVA' 


CONCENTRATIONS DURING DIFFERENT STAGES OF 
EXPERIMENTAL RENAL HYPERTENSION IN THE RAT 


Department of Pharmacology, University of Edinburgh, 1 George Square, Edinburgh EH8 9JZ 


1 Renal hypertension was produced in rats and the changes in renal function, renal venous pro- 
staglandin E, and F.,, concentrations and secretion rates were studied at various times. 

2 Renal plasma flow transiently fell in the ischaemic kidney 2 weeks after clamping, whilst that of the 
other kidney did not change. Glomerular filtration rate remained constant in both kidneys throughout 


the entire study. 


3 Prostaglandins E, and F24 concentrations rose in the venous plasma from the ischaemic kidney, 
but did not change in the other kidney and appeared to be inversely related to renal plasma flow. 


4 Calculated secretion rate of both prostaglandins fell in the ischaemic kidney and did not change in 


the other kidney. 


§ Clamping the second kidney, two weeks after the first, caused a further elevation in blood pressure, 
a fall in renal plasma flow and a fall in prostaglandin secretion rate in both kidneys. 


6 The implications of these prostaglandin changes are discussed. 


Introduction 


_ Acute renal ischaemia increases the concentration of 


prostaglandin E-like material in renal venous blood of 
the dog and this has been interpreted as a rise in 
output of renal prostaglandins (McGiff, Crowshaw, 
Terragno, Lonigro, Strand, Williamson, Lee & Neg, 
1970). Such a mechanism may protect the kidney 
from the antinatriuretic/vasoconstrictor influence of 
the renin and sympathetic systems (Lonigro, 
Terragno, Malik & McGiff, 1973). 

The contralateral renal prostaglandins have also 
been assigned a role. The contralateral kidney of the 
Goldblatt hypertensive dog has an antihypertensive 
function, independent of excretion (Grollman, 
Muirhead & Vanatta, 1949). Such a system is also 
present in the rat kidney, when perfused at 
hypertensive pressures (Tobian, Schonning & Seefeldt, 
1964). Lee (1973) believes that the renal pro- 
staglandins may play a role. 

No study has yet examined renal venous pro- 
staglandin concentrations in chronic renal ischaemia 
of experimental origin nor attempted to evaluate the 
rate of output of renal prostaglandins. 


1Present address: Research Group of Hypertension, 
Medical Academy, Sofia 31, Bulgaria. 


In this study we examined renal function and renal 
venous prostaglandin E, and F, concentrations of 
both kidneys of rats at various stages after clamping 
the left renal artery and also after clamping both renal 
arteries. 


Methods 


One hundred and thirty six male and female Wistar 
rats, of approximately similar size and fed on a 
standard laboratory diet, with water ad lib., were 
divided into seven experimental groups, 30 rats 
serving as controls. Renal hypertension was induced 
by clipping the left renal artery with a smali silver clip 
(first operation) and in some rats, clipping the right 
renal artery (second operation) two weeks later. The 
rats were killed at various stages after clipping as 
follows: group I, 20 rats killed 1 week after the first 
operation; group 2, 20 rats killed 2, weeks after the first 
operation; group 3, 20 rats killed 3 weeks after the first 


` operation; group 4, 20 rats killed 4 weeks after the first 


operation; group 5, 20 rats killed 1 week after the 
second operation; group 6, 20 rats killed 2 weeks after 
the second operation and group 7, 16 rats killed 10 
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weeks after the second operation (the chronic 
hypertensive group). 

The rats were weighed weekly and arterial blood 
pressure was measured by the indirect tail-cuff method 
using a Rat Blood Pressure Monitor (Huntingdon 
Instruments, England). 

From each group, 6 to 8 rats were used for the 
estimation of bilateral renal function, namely renal 
plasma flow (RPF) and glomerular filtration rate 
(GFR) and the remaining rats were used for the 
estimation of renal venous prostaglandin con- 
centrations. 

RPF and GFR were estimated by means of the 
clearances of para-aminohippurate (PAH) and of 
inulin respectively. The rats were anaesthetized with 
pentobarbitone (40 mg/kg i.p.) and tracheotomized. 
The left subclavian vein was catheterized for the 
infusion of the clearance solution at a rate of 
0.05 ml/min by means of a motor driven syringe 
(Braun). The clearance solution was composed of 1% 
inulin, 1% PAH and 2% Na,SO, dissolved in 0.9% 
w/v NaCl solution and buffered to pH 7.4 with 
bicarbonate. 

Both ureters were catheterized after the method of 
Mercer (1971) and a 10min urine sample was 
collected from each ureter 50 min after the infusion 
had begun. After heparinization (1000 u/kg), blood 
samples (0.5 ml) were removed from a carotid artery 
catheter 50 and 60 min after the start of the infusion, 
for the calculation of mean plasma PAH and inulin 
concentrations, which we tried to hold at about 7 and 
30 mg% respectively. 

The blood was centrifuged in Eppendorf tubes and 


Table 1 
control and renal hypertensive rats 


Blood pressure 

Group {n} Systolic Diastolic 

Controis - (30) 126+2.73 100+2.55 

1 (20) 13945.17 1114.69 
P<0.05 P<0.05 

2 {20} 142+4.710 112+3.91 
P<0.01 P<0.02 

3 (20) 148 +5.13 1234.26 
P<0.001 P < 0.001 

4 (20) 148 + 5.62 11844.14 
P<0.001 P<0.001 

5 (20) 152 +4.57 121 +3.87 
P<0.001 P<0.001 

6 (20) 19347.61 153 +7.84 
P<0.001 P<0.001 

7 (16) 183+5.55 150+ 5.14 
P<0.001 P<0.001 


0.2 ml of plasma removed and subjected to plasma 
protein precipitation with Somogyi reagent. The urine 
was carefully transferred to a volumetric flask and 
diluted to 100ml. Diluted urine and protein-free 
plasma were analysed for inulin and PAH using a 
resorcinol method for the former and N (1-napthyl)- 
ethylene diamine as a coupling reagent for the latter 
and both were compared with standard solutions in a 
spectrophotometer (Bausch and Lomb, SP 20, 
U.S.A,). 

The clearances of PAH and inulin were calculated 
and expressed in terms of body weight. The extraction 
ratio for PAH was not taken into account. Girndt & 
Ochwadt (1969) have shown that 4 weeks after 
clamping a renal artery, PAH extraction was 
unaltered in both the clamped and the contralateral 
kidneys (0.84 approx.). 

Blood samples for the estimation of prostaglandins 
were drawn from the renal veins of anaesthetized rats 
after a midline laparotomy and catheterization of the 
inferior vena cava. Within each group, the left and 
right renal venous blood samples were pooled 
separately (final volume about 10 ml). A known 
amount of deuterium isotope, 1 pg d, prostaglandin E, 
and 500 ng d, prostaglandin F24 was added to each 
plasma sample and the prostaglandins were extracted 
and subjected to silicic acid column chromatography 
(Poyser, 1972). Methyl ester/methoxime/trimethylsily] 
and methyl ester/trimethylsilyl derivatives were made 
of the extracted prostaglandins E, and F,, 
respectively (Thompson, Los & Horton, 1970; 
Blatchley, Donovan, Horton & Poyser, 1972). Using 
multiple ion detection (Finnigan 3000D mass 


Changes in blood pressure {mmHg} and prostaglandin (PG) level {ng/ml} in renal venous blood of 


PGE, PGF oq 
Leftrenal Rightrenal Leftrenal Right renal 

vein vein vein vain 
4.0 3.8 2.7 2.2 
4.4 2.7 3.7 2.1 

5.6 3.6 4.3 2.7 
4.6 2.6 3.2 2.0 
3.2 5.0 1.2 2.9 
3.0 4.5 1.6 4.4 
4.7 6.2 2.7 3.1 

2.9 4.5 1.9 3.3 


nis the number of rats In each group. Values are mean + s.e. Groups 1 to 4 had clipped left kidneys. Groups 5 to 7 


had both kidneys clipped. 


> 


arena, 
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spectrometer), the ratio of proton to deuterium peaks 
of the prostaglandin derivatives was obtained and 
compared with a standard calibration curve over the 
range of | to 1000 ng of protium. (Hensby & Naylor, 
1974.) 

Statistical analysis of the results was performed by 
Student’s two-tailed ¢ test, except for the renal function 
results, where a one-tailed £ test was used (Dixon & 
Massay, 1969). Values are expressed as mean + s.e. 
and only probabilities less than 0.05 were accepted as 
being statistically significant. 


Results 
Development of hypertension 


One week after the production of renal ischaemia 
(groups 1 to 4), there was a significant rise in blood 
pressure, which reached a peak by the third week 
(group 3). Systolic blood pressure rose from 
126+2.73 mmHg to 148+5.13 mmHg (P<0.001) 
and diastolic pressure increased from 
100+2.55mmHg to 123+4.26mmHg (P<0.001) 
three weeks after clamping (group 3) (Table 1). 

Cardiac hypertrophy also occurred over this period 
as seen by the rise in the heart/body weight ratio 
(Table 2). The left kidney/body weight ratio rose in 
group 1 rats but fell in group2 and was not 
significantly different from control in later groups. The 
right kidney hypertrophied in each of the unilaterally 
clamped groups, except for group 2 (Table 2). 

An inverse relationship between renal mass and the 


level of systemic hypertension was noted in almost all 
cases. 

During ischaemia of the right kidney, as well as of 
the left, (groups 5, 6 and 7), systolic and diastolic 
pressures rose further, within the range 126/100 to 
183/150 mmHg 10 weeks after the second operation 
(the chronic hypertensive group). 

The left, earlier ischaemic kidney, was now firm and 
shrunken, especially in the chronic group (group 7). 
The right kidney, which had previously been 
hypertrophied before the second operation, was now 
not significantly different from control. Cardiac 
hypertrophy was very marked in these bilaterally 
ischaemic rats. 


Renal function changes 


After unilateral renal ischaemia, RPF of the clamped 
kidney fell significantly 2 weeks after clamping 
(group 2), from 8.23+1.28 ml min-!kg~! to 
4,28 + 1.55 ml min`? kg—' (P<0.05) and subsequently 
rose again to control values (Table 3). The con- 
tralateral kidney showed no significant change in RPF 
at this time. Due to the well maintained GFR, the 
filtration fraction (FF) rose significantly only in the 
ischaemic kidneys of group 2 rats. 

On clamping the right kidney, RPF fell 2 weeks 
later in group 6 from 9.12+ 1.31 ml min`! kg~!.to 
3.43 + 0.25 mi min-! kg-! (P< 0.025) (Table 3). Left 
RPF also fell, from 8.234 1.29 ml min~ kg! to 
4.44 + 0.44 ml min-! kg-! (P<0.025). This fall was 
also significant (P<0.0005) when compared with 
group 4, which had undergone exactly the same 
procedures and time course, except for the second 


Table2 Average organ/body weights in control and experimental rats. 


Group (n) Body weight 
(gi 

Controls (30) 267+12 
1 (20) 226+8 
2 (20) 228415 
3 (20) 24848 
4 (20) 212411 
5 (20) 292+15 
6 (20) 1884+13 
7 (16) 187+16 


Heart/body Left kidney/ Right kidney/ 
weight body weight body weight 
32.4 +0.6 35.2 + 0.5 35.9+0.6 
36.7+1.2 39.8+1.8 42.74+2.0 
P<0.01 P<0.02 P<0.001 
35.440.7 32.6412 35.5+1.4 
P<0.01 P<0.05 P>0.5 
34.240.5 36.3+1.8 40.4+12 
P<0.05 P>0O.5 P<0.01 
38.54+1.2 34.841.3. 41.3413 
P<0.001 P>0.5 P<0.001 
33.44 1.4 31.341.1 35.5+1.2 
P>0.5 P<0.01 P>0.5 
41.5+1.4 31.6 + 1.9 40.1 2.3 
P<0.001 P<0.05 P>0.05 
41.442.1 30.2 + 2.1 39.8 £+ 2.7 
„P <0.001 P <0.02 P>0.1 


Body weights are expressed In grams. Organ/body welghts are expressed x 10-*. n Is the number of rats in 
each group. Values are mean+s.e. Groups 1 to 4 had clipped left kidneys. Groups 5 to 7 had both kidneys 


clipped. 
17 
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operation. As GFR was so well maintained, FF rose 
in the left kidneys of group 6. In group 7, the chronic 
hypertensive group, no difference was detected 
between either kidney and control. 


Prostaglandins E, and F,, renal venous con- 
centrations 


After the first operation, left renal venous pro- 
staglandin E, and F-a concentrations were higher 
than control, whereas the concentrations in the right 
renal venous plasma were similar or slightly lower 
than control, except for group 4 (see Table 1, groups 1 
to 4). 

After the second operation, prostaglandins E, and 
Fə concentrations rose in the right renal venous 
plasma 1 week later (group 5). By the second week 
(group 6), prostaglandin E, had risen even more in the 
right renal venous plasma but prostaglandin F., had 
fallen, although still above control. Both pro- 
staglandins rose transiently in the left renal venous 
plasma. In the chronic hypertensive rats (group 7), 
right renal venous prostaglandin E, and F., con- 
centrations were higher than control, in contrast to the 
left renal venous concentrations, which were lower 
than control. 


Prostaglandin secretion rates 


Secretion rate of each prostaglandin may be 
calculated from the product of the total mean RPF 
and the prostaglandin concentration for each group 
since prostaglandins appear to be released on 
synthesis (Anggard, Bohman, Griffin, Larsson & 
Maunsbach, 1972), This assumes that all the arterial 


prostaglandins presented to the kidney are cleared in 
one passage because of the high activity of the 
metabolizing enzyme, 15 hydroxy prostaglandin 
dehydrogenase, in the renal cortex (Anggiard, Larsson 
& Samuelsson, 1971). The clamped kidney showed 
a fall in secretion rate of prostaglandin E, from 
8.68 ng/min to 6.24, 5.57, 8.51 and 4.84 ng/min in 
groups 1, 2, 3 and 4 respectively. Prostaglandin F,, 
secretion rate also fell, from 5.86 ng/min to 5.25, 4.28, 
5.92 and 1.81 ng/min in each of the above respective 
groups (see Table 4). The contralateral kidney of these 
groups showed no change in secretion rate of either 
prostaglandin. After ischaemia of the right kidney, 
secretion rate of both prostaglandins began to fall in 
the right kidney and continued falling in the left kidney 
(groups 5, and 6). A subnormal secretion rate of both 
prostaglandins existed in the two kidneys of the 
chronic hypertensive group (group 7). 


Discussion 


Four weeks after clamping a renal artery, the resultant 
hypertension was associated with normal PAH and 
inulin clearances in both the clamped and con- 
tralateral kidneys of rats (Girndt & Ochwadt, 1969), 
However, medullary blood flow was elevated in the 
contralateral kidney as determined by the “Rubidium 
method. Our results are essentially in agreement with 
these findings. However, at variance with this, Kramer 
& Ochwadt (1974) reported that rat kidneys clamped 
6 to 10 weeks previously, had lower PAH and inulin 
clearances in comparison with the contralateral 
kidney. 


Table 3 Glomerular filtration rate and renal plasma flow 


1 te 


Glomerular filtration rate 


Renal plasma flow 


Filtration fraction 


Group (n) Left kidney Right kidney Leftkidney Right kidney Left kidney Right kidney 

Controls (10) 1.80+0.25 2.204028 8B.23+1.29 91241.31 0.24+0.03 0.27+0.06 

1 (8) 1.50+0.26 2.664+0.28 6.34+1.32 10.14+1.25 0.28+0.03 0.30+0.04 
P>0.2 P>0.05 P>0.05 P>0.2 P>0.2 P>0.2 

2 (8) 16740.39 2.414059 428+1.55 856+2,92 041+007 0.38+0.05 
P>0.2 P>0.2 P<0.05 P>0.2 P>0.05 P>0.1 

3 {8) oe — 7.46 41.12 9.00+1.39 — — 
P>0.2 P>0.2 

4 (8) 1.884+0.18 2.09+0.33 7.594035 109542.265 0214002 0.28+0.06 
P>Q.02 P>0.2 P>0.2 P>0.2 P>0.5 P>0.5 

5 (8) 1.82+0.15 2.09+0.23 5.85+0.95 7.14+0.89 0.30+0.02 0.31+0.01 
P>0.2 P>0.2 P>0.05 P>0.06 P>0.05 P>0.2 

8 (7) 1.844027 1454035 4444044 3434025 0424+0.09 0.454+0.14 
P>0.2 P>0.05 P<0.025 P<0.025 P30.05 P>0.2 

7 (6) 1.504+0.16 1.68+0.19 5.49+0.79 686.30+0.75 034+40.06 0.37+0.08 
P>0.2 P>0.06 P30.05 P>0.05 P>0.1 P>0.1 


Values are mean + s8.8. Clearances are expressed in mi min—' kg~? body weight. n is the number of rats in each 
group. Groups 1 to 4 had clipped left kidneys. Groups 5 to 7 had both kidneys clipped. 
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Figure 1 


McGiff et al. (1970) propose that the kidney 
releases prostaglandin-like material in response to 
reduced renal blood flow caused by constricting the 


ist Operation 


Control Group Group 


group 1 


Systolic and diastolic blood pressures 
(mmHg), renal venous prostaglandin E, con- 
centrations of the left (@) and right (W) kidneys and 
RPF (white bars) and GFR (black bars) of the left and 
right kidneys respectively .In each pair, at differant 
stages of hypertension. Values are mean + 8.e. 


end Operation 


Group Group Group 
5 6 7 
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suggested that increased secretion of prostaglandin E 


mediated autoregulation of blood flow since 
indomethacin abolished autoregulation and the pro- 
staglandin release. However, this concept may be no 


longer tenable in the intact, naturally perfused kidney 
(Owen, Ehrhart, Weidner, Haddy & Scott, 1974; 
Venuto, O’Dorisio, Ferris & Stein, 1975; Anderson, 
Taher, Cronin, McDonald & Schrier, 1975). Using 


essentially the same approach as Herbaczynska- 
Cedro & Vane, autoregulation was found to be 
resistant to meclofenamate (10 mg/kg, i.v.) although 
absolute flow fell (Dighe, Hall, Smith & Ungar, 
unpublished results). It remains to be seen whether rat 
kidney behaves in a similar manner. 

Renal prostaglandins may have a natriuretic role 


and protect the kidney against the vaso- 
constrictor/antidiuretic influence of the renin and 
sympathetic systems (McGiff & Nasjletti, 1973; 
Lonigro, et al., 1973). However, in the isolated kidney 
eof the rat, unlike other species, prostaglandin E, 
potentiates renal sympathetic nerve stimulation and at 


higher doses causes vasoconstriction similar to that 


induced by prostaglandin F,, (Malik & McGiff, 
1975). 


We have shown that prostaglandin E, and F}, con- 


centrations rise in the plasma from ischaemic kidneys, 
whereas the contralateral renal venous concentrations 
remain unaltered or may perhaps fall slightly. As 
Figure 1 shows, there is an inverse relationship 
between prostaglandin E, concentration and RPF for 
both kidneys. This may either be a result or a cause of 


the blood flow changes. Thus an increase in pro- 
staglandin E, or F,, concentrations may reduce RPF 


renal artery. Herbaczynska-Cedro & Vane (1973) 


obtained a rise in renal venous prostaglandin E-like 
material on reducing perfusion pressure and renal 
blood flow, in the pump perfused canine kidney and 


by the mechanism described by Malik & McGiff 
(1975) and conversely a fall in RPF may be due to a 
fall in prostaglandin concentration. 


Alternatively, the concentration changes may be a 


consequence of flow changes. This is supported by the 
findings of Beckman & Zehr (1975) in the dog. On 
halving renal blood flow, renal venous prostaglandin 


Table 4 Estimated prostaglandin (PG) secretion rates (ng/min) in kidneys from control and experimental rats 





Group 


Control 


“Ooh WNM = 


PGE, 

Left kidney Right kidney Left kidney 
8.88 8.71 5.86 
6.24 6.82 . 5.25 
5.57* 8.06 4.28* 
8.61 6.65 5.93 
4.84 11.41 1.81 
5.62 9.25 2.64 
4.13* 5.61* 2.37* 
3.08 6.67 2.02 


Right kidney 


5.04 
5.31 
8.05 
5.11 
6.62 
9.04 
2.79" 
4.81 


Values were obtained from the product of total mean RPF of each group and the respective prostaglandin con- 
centration and are expressed In nanograms per minute. Groups 1 to 4 had left kidneys clipped. Groups 5 to 7 


had both kidneys clipped. 
* Signifies secretion ratas where a statistically significant fall in RPF was observed. 
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E,, as detected by radioimmunoassay, rose, but 
calculated secretion rate fell. We have also obtained 
similar results in the pump perfused canine kidney 
(Dighe, Hall, Smith and Ungar, unpublished 
observations). This is in contrast to what is generally 
believed and demonstrates the possible fallacy of 
equating concentration changes with secretion 
changes especially when concentration and flow 
change in an inverse manner as they do in the clamped 
kidney. 

Our results also suggest that secretion rates of pro- 
staglandin E, and F,, fall in the chronically ischaemic 
rat kidney, with little change in the contralateral 
kidney. It must be borne in mind that our secretion 
figures were obtained from two groups of rats, namely 
those used for prostaglandin estimations and those for 
renal function tests, but there is no reason why these 
rats should not have been representative. 

A reduced release of prostaglandin E-like material 
by the isolated kidney of one kidney Goldblatt rats, 


perfused at constant flow and challenged with pressor” 


doses of noradrenaline, has been reported (Leary, 
Ledingham & Vane, 1974). Reduced synthetic 
capacity of prostaglandins was also found in the 
kidneys of renal and spontaneously hypertensive rats 
(Sirvios & Gagnon, 1974). 

In contrast, using radioimmunoassay, Jaffe, Parker, 
Marshall & Needleman (1972) observed a rise in pro- 
staglandin E in both the clamped and contralateral 
kidneys of chronic hypertensive rats. Arterial levels 
were also raised, suggesting a genuine increase in 
synthesis, but not necessarily from the kidney. 

In earlier investigations (Somova, 1971; 1973) an 
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THE LACK OF EFFECT OF 


OXYTETRACYCLINE ON RESPONSES 


TO SYMPATHETIC NERVE STIMULATION 
AND CATECHOLAMINES IN VASCULAR TISSUE 


S. KALSNER 


Department of Pharmacology, University of Ottawa, Ottawa, Ontario, Canada 


1 The effects of oxytetracycline, an inhibitor of amine binding in connective tissue, on the responses 
of perfused rabbit ear arteries to sympathetic nerve stimulation and to intraluminally administered 
noradrenaline were examined. The contractions oi aortic strips to catecholamines in the presence of 
oxytetracycline were also examined. 


2 Oxytetracycline (0.1 mM) had no discernable effect on the magnitude of constrictions, measured as 
reductions in flow, produced by either nerve stimulation (0.5—10 Hz) or noradrenaline (0.5—50 ng) in 
the ear artery. In addition, the time taken for vessels to recover towards control flow values after 
endogenously released or exogenously applied noradrenaline had acted was not increased by oxy- 
tetracycline. 

3 Oxytetracycline (0.1 mM) did not alter the position or shape of the concentration-response curve to 
noradrenaline nor did it enhance the amplitude of individual responses to catecholamines in aortic 
strips. 

4 It is concluded, contrary to the observations of Powis (1973), that oxytetracycline does not 
increase the magnitude or duration of responses to sympathetic nerve activation or to catecholamines 
and that binding to connective tissue is of no material consequence in terminating their action in 


vascular tissue. 


Introduction 


The recent report that responses of isolated blood 
vessels to sympathetic nerve stimulation and to pulses 
of injected noradrenaline are considerably enhanced 
and prolonged by oxytetracycline (Powis, 1973), 
presumably by blockade of catecholamine binding to 
collagen and elastin in the vascular wall, needs further 
investigation. If this finding is verifiable it severely 
complicates the analysis of termination of action of 
catecholamine-induced responses in vascular tissue, 
since it is not easily reconciled with the bulk of 
available evidence on agonist disposition. For this 
reason, experiments were undertaken to re-examine 
the effects of oxytetracycline on responses to nerve 
stimulation and to catecholamines in the central artery 
of the rabbit ear and to include, as well, observations 
on rabbit aortic tissue, which has an even greater 
amount of connective tissue than does the relatively 
muscular ear vessel. 


Methods 


The central artery was removed from each ear in 


rabbits under urethane anaesthesia (7 ml/kg of a 25% 


solution, intraperitoneally) after cannulation at both 
ends, essentially as described by De La Lande & Rand 
(1965) and De La Lande, Frewin & Waterson (1967). 
The arteries were suspended in individual 30 ml 
muscle chambers containing Krebs-Henseleit (Krebs) 
solution of the following composition (mM): NaCl 
115.3, KCl 4.6, CaCl, 2.3, MgSO, 1.1, NaHCO, 
22.1, KH,PO, 1.1 and glucose 7.8, to which the 
disodium salt of ethylene diamine tetra-acetic acid was 
added (0.03 mM), to retard oxidation of catechol- 
amines catalyzed by traces of heavy metals. The 
preparations were maintained at 37°C and 
continuously oxygenated with 95% O, and 5% CO.. 

A gravity-feed aparatus was used to perfuse the 
vessels at a constant pressure of 85 cm of water with 
warmed (37°C) and oxygenated Krebs solution. A 
record of the rate of flow of Krebs solution through 
each artery was provided by an Andrews (1952) 
outflow recorder connected to a piston recorder 
writing on a slowly revolving smoked kymograph 
drum. The height of each vertical stroke of the writing 
lever is proportional to the volume of air displaced 
from the outflow recorder over an 8 s period and thus 
to the volume of Krebs solution flowing through the 
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vessel lumen and into the recorder during that time 
interval. Other details and a schematic diagram of the 
perfusion apparatus are presented elsewhere (Kalsner, 
1972). 

The procedure used for stimulation of the peri- 
arterial sympathetic nerves was that used by De La 
Lande & Rand (1965). Platinum electrodes were 
arranged around the proximal end of each artery over 
the area where the perfusion cannula lay within the 
artery. The nerves were stimulated at supramaximal 
voltage with biphasic pulses of 1ms pulse width 
delivered by a Grass model S5 stimulator. Supra- 
maximal voltage was determined for each preparation 
by stimulating initially at 5 Hz for 1 min at each test 
voltage (beginning with 10 V and increasing in 5 V 
increments) and recording the vasoconstriction 
produced. A voltage which was about 25% above that 
which produced the most vasoconstriction was 
routinely used in all experiments. 

Strips of rabbit aorta were prepared and suspended 
under 2g of tension in muscle chambers of 15 mi 
capacity (Kalsner & Nickerson, 1968). The strips 
were immersed in Krebs solution as described above, 
maintained at 37°C, and constantly bubbled with 
95% O, and 5% CO,. Isotonic contractions were 
recorded, after a 90min equilibration period, by 
means of frontal-writing levers on a slowly moving 
kymograph drum (about 2.0 mm/min) with a lever 
magnification of 6.8-fold. 

. The drugs used were (—}noradrenaline and (—} 

adrenaline bitartrates and oxytetracycline dihydrate. 
The catecholamines are expressed as the weight of the 
base in g/ml and oxytetracycline is in terms of 
molarity. For intraluminal injections of noradrenaline 
in the ear arteries the desired absolute amount in ng 
was always delivered in a total volume of 0.2 ml, by 
injection into the tubing immediately above the vessel. 
The administration of 0.2 ml of Krebs solution, as a 
routine control measure, had no effect on flow through 
the artery. Oxytetracycline was dissolved directly into 
a reservoir of Krebs solution at a concentration of 
0.1 mM shortly before use and the flow of drug-treated 
or control Krebs solution through the vessel was 
determined by means of a two-way stopcock located 
above the proximal end of the artery. In addition, 
Krebs solution containing oxytetracycline (0.1 mM) 
was added to the muscle chamber so as to bathe the 
extraluminal surface of the vessel. Preparations were 
exposed to the tetracycline compound, for 20 min 
before testing and for the entire test period. With 
respect to aortic strips, the oxytetracycline was either 
dissolved directly in the Krebs solution at 0.1 mM and 
the muscle chambers filled with the treated Krebs for 
20 min, followed without washout, by agonist; or the 
tetracycline was made up in 0.99% w/v NaCl solution 
at a concentration of 2 mM, adjusted to pH 8.0 with 
1 N NaOH, and the appropriate volume added to the 
muscle chambers after responses to the agonist had 
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Figure 1 Effect of oxytetracycline on the frequency- 


response curve to periarterial stimulation in the rabbit 
ear artery. Frequency-response curves [In 7 
preperations are shown, first In the absence (@) and 
then In the presence (O} of oxytetracycline (0.1 mM). 
Stimulation was for 2 min at each test frequency. 
Mean values are shown; vertical lines show s.e. 
mean. Detalls of test conditions are provided in the 
Methods sactlon. 


attained plateau values. 

Response sensitivities in aortic strips at the mean 
effective dose (ED,,.) are expressed as geometric mean 
values (Fleming, Westfall, De La Lande & Jellett, 
1972). Each ED, was converted to its log and the 
mean for each group was recorded. The antilog of 
each mean log is presented as the geometric mean. In 
addition, mean values of all data are presented with 
their standard errors and were compared, where 
appropriate, by Student’s ¢ test. 


Results 


Responses to nerve stimulation and to noradrenaline 
in the ear artery 


The central artery responds to periarterial stimulation 
of its sympathetic innervation with constriction, 
decreased lumen diameter and a consequent reduction 
in intraluminal flow. Detectable inhibition of flow is 
most often seen at 0.5—1.0 Hz ‘and obliteration of 
lumen diameter and cessation of flow at 5 Hz. For the 
present experiments, two sets of frequency-response 
curves (0.5-—-10 Hz) were obtained for each vessel, one 
in the absence and the other in the presence of oxy- 
tetracycline (0.1 mM), so as to minimize variability. 
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Figure 2 Effect of oxytetracycline on responses of an ear artery to periarterial nerve stimulation. Responses 
of a typical vessel are shown (a) in the absence and {b} in the presence of oxytetracycline (0.1 mM). The 
duration of stimulation at sach frequency was 2 min and is Indicated by enclosed horizontal bars. Vasoconstric- 


tor responses are recorded as reductions In outflow. 


The cumulative results are shown in Figure 1 and the 
record of one such experiment is seen in Figure 2. No 
detectable effect of the tetracycline compound on the 
magnitude of flow inhibition at any of the tested 
frequencies was observed. 

Additionally, analysis of response duration, 
measured as the time taken after the cessation of 
stimulation at 5 and 10 Hz, for flow to return to 50% 
of pre-stimulation values failed to reveal any 
statistically significant effect of the inhibitor in 
prolonging duration of action. The mean half-time for 
recovery in 7 control and 7 treated preparations was 
33.4 + 8.0 and 37.9 + 8.0 s respectively at 5 Hz; and it 
was 39.04+9.4 and 39.44+9.0s at 10 Hz. It was 
confirmed in matching experiments that, in the 
absence of oxytetracycline, first and second 
frequency-response curves do not differ significantly 
from each other either in the size or in the duration of 
the response. 

Further, oxytetracycline (0.1 mM) had no 
enhancing effect on the constrictions elicited by intra- 
luminal injections of noradrenaline (0.5—SO ng); a 
method of agonist administration similar to that which 
was used by Powis (1973). The dose-response curves 


obtained in the absence or in the presence of the 
inhibitor of amine binding did not differ significantly 
(Figure 3). Further, analysis of response duration 
again established the lack of interference by oxytetra- 
cycline with termination of action. The mean half-time 
for recovery from peak effects in 5 control and 5 
treated preparations was 13.6+1.7 and 15.2+1.3s 
respectively after 20 ng; and it was 46.04+6.3 and 
58.0 + 10.9 s after 50 ng of noradrenaline. 


Responses to noradrenaline and adrenaline in aortic 
strips 


Experiments were done on aortic strips using two 
different protocols. In one case, strips were contracted 
with low concentrations of noradrenaline (3 or 
10 ng/ml) or adrenaline (10 ng/ml), chosen from the 
steep portions of the concentration-response curves, to 
maximize the size of any enhancing effect. After 
responses had reached a stable plateau value, 
oxytetracycline was added to the bathing fluid, either 
cumulatively (10, 30, 100uM), or in one single 
addition (0.1 mM) (Figure 4). In a total of 8 strips 
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Figure 3 Effect of oxytetracycline on responses of 
the ear artery to intraluminal injectlons of 
noradrenaline. Dose-response curves in 7 pre- 
parations, first in the absence (@) and then in the 
presence (O) of oxytetracycline (0.1 mm) are shown. 
Mean values are shown; vertical lines show s.e. 
mean. Details of agonist administration are given in 
the Methods section. 
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Figure 4 Effect of oxytetracycline on responses of 
aortic strips to catecholamines. (a) Strip contracted 
by adrenaline (Ad, 10 ng) and exposed to oxytetra- 
cycline (T, 0.1mm); {b) strip contracted by 
noradrenaline (NA, 3 ng) and exposed to oxytetra- 
cycline (T, 10, 30 and 100 um at dots) (c), strip 
contracted cumulatively by noradrenaline (1, 3 and 
10ng) to show typical increments In amplitude 
obtalned with approximately 3-fold increments In 
agonist concentration. 
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Figure 5 Effect of oxytetracycline on the 
concentration-response curve to noradrenaline in 
aortic strips. Responses of 10 preparations In the 
absence (@) and 11 preparations in the presence (O) 
of oxytetracycline are shown. Mean values are 
shown; vertical lines show s.e. mean. Details are 
given In text. 


examined no increment in response amplitude due to 
the oxytetracycline was detectable. 

In the other case, strips were matched initially for 
responsiveness to noradrenaline by exposure to low 
concentrations (0.3, 1 and 3 ng/ml) and then after 
washout of agonist and recovery of basal tone half of 
the strips were exposed to oxytetracycline (0.1 mM) 
for 20 min and the remainder served as controls. 
Complete concentration-response curves to 
noradrenaline were then obtained in all strips, and this 
was done without washout of the oxytetracycline in 
the treated ones. The results are shown in Figure 5. 
Again, the postulated inhibitor of amine binding had 
no material effect on the magnitude of responses to 
noradrenaline, at any point along the curve. Also, 
geometric mean ED, values of the control and treated 
groups (2.8 and 2.6 ng/ml respectively), did not differ 
significantly (P > 0.5). 


Discussion 


The observations of Powis (1973) on response poten- 
tiation by oxytetracycline could in no way be 
confirmed in the present experiments. Oxytetra- 
cycline, an inhibitor of amine binding to collagen and 
elastic tissue, neither sensitized the central ear artery 
to intraluminal injections of noradrenaline or to 


sympathetic nerve stimulation nor prolonged the 
duration of its responses. Similarly, aortic strips of the 
rabbit, rich in connective tissue, did not give increased 
contractions to noradrenaline in the presence of 
oxytetracycline; regardless of whether it was added 
before the catecholamine or after individual responses 
had reached stable equilibrium values. 

Although the present findings cannot account for 
the enhanced contractions observed by Powis in the 
presence of oxytetracycline (in the order of 10- and 6- 
fold for responses to noradrenaline and nerve 
stimulation), certain apparent inconsistencies in his 
analysis should be mentioned. He concluded that in 
tissues with a high content of collagen and elastin 
‘binding to extracellular sites is the major mechanism 
for terminating the response to noradrenaline or to 
adrenergic nerve stimulation’. However, his data 
reveal that blockade of neuronal and effector cell 
uptake, with cocaine and 17f-oestradiol, produces a 
sensitization perhaps only slightly less than that 
caused by oxytetracycline (his Figure 4); but the 
addition of oxytetracycline to vessels already treated 
with cocaine and 17-oestradiol does not produce any 
material additional enhancement. This is contrary to 
what would be expected if independent mechanisms of 
inactivation were inhibited together. 

The suggestion that overlapping mechanisms of 
inactivation are involved such that binding to 
connective tissue is a prelude to definitive inactivation 
by neuronal or extraneuronal (effector cell) uptake is 
also not sustained by his data. For if, as he states, 
‘extracellular tissue binding is sufficient for the 
immediate inactivation of all the noradrenaline 
presented in a pulse injection, as employed in the 
present study, or liberated by nerve stimulation over a 


References 


ANDREWS, W.H.H. (1952). A blood outflow recorder. J. 
Physiol., Lond., 117, 45—46P. 

BERKOWITZ, B.A., TARVER, J.H. & SPECTOR, S. (1971). 
Norepinephrine in blood vessels: concentration, binding, 
uptake and depletion. J. Pharmac. exp. Ther., 177, 
119-126. 

BEVAN, J.A. & SU, C. (1973). Sympathetic mechanisms in 
blood vessels: nerve and muscle relationships. Ann. Rey. 
Pharmac., 13, 269—285. 

DE LA LANDE, LS. (1975). Adrenergic mechanisms in the 
rabbit ear artery: a review. Blood Vessels, 12, 137—160. 

DE LA LANDE, I.S., FREWIN, D. & WATERSON, G. (1967). 
The influence of sympathetic innervation on vascular 
sensitivity to noradrenaline. Br. J. Pharmac., 31, 82—93. 

DE LA LANDE, I.S. & RAND, MJ. (1965). A simple isolated 
nerve-blood vessel preparation. Aust. J. exp. Biol. Med. 
Sci., 43, 639—656. 


OXYTETRACYCLINE AND VASCULAR TISSUE 265 


short period’ then no demonstrable enhancing effect of 
178-oestradiol and cocaine, the inhibitors of effector 
cell and neuronal uptake respectively, should be 
observed under these conditions. And, enhancement 
was observed. 

The explanation for the potentiating effect observed 
by Powis, which could not be duplicated here, is at 
present obscure. In this context, it should be noted 
that Guimaraes, Azevedo, Cardoso & Oliveira (1975) 
did not detect enhancement by oxytetracycline of the 
inhibitory dose-response curves to isoproterenol in 
saphenous vein preparations of the dog. 

A good deal of evidence obtained from various 
laboratories and by the use of several different 
techniques points to an important role for effector cell 
uptake, followed by enzymatic inactivation, in 
termination of action in most preparations of vascular 
tissue examined (Kalsner, 1966; Kalsner & 
Nickerson, 1969; Gillespie, Hamilton & Hosie, 1970; 
Berkowitz, Tarver & Spector, 1971; Bevan & Su, 
1973; Kalsner, 1975a; Kalsner, Frew, Smith, 1975); 
although the role for neuronal uptake is still con- 
troversial (De La Lande, 1975; Kalsner, 1975b). 
Thus, although binding of catecholamine to 
connective tissue may occur, it is improbable that it 
could be an additional independent factor of any 
significance in termination of action, particularly with 
moderate concentrations of amine; unless our concept 
of biophase kinetics (Furchgott, 1955; Kalsner, 1976) 
is to be extensively revised. The available evidence 
does not warrant such a revision. 
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Microelectrode recordings of spontaneously active 
neurones in the nucleus accumbens and preoptic area 
of the urethane-anaesthetized rat showed similar 
responses to single square pulse stimulation 
(0.4-1.0mA, 0.1-2.0ms) of the amygdala or 
midbrain reticular formation. Responses were 
inhibitory or complex with an inhibitory component. 
Inhibition was either short (20—50 ms) or longer 
(109—300 ms). 

Long inhibition was preceded by stimulus-locked 
action potentials (8—25 ms latency) in 36% (n= 56) of 
observations but short inhibition was generally not 
preceded by excitation. Long inhibition may thus be 
due to activation of a recurrent pathway (Fenske, 
Ellendorff & Wuttke, 1975; Sakuma & Kawakami, 
1975) whilst short inhibition may be a direct 
mechanism. 


In order to determine whether these inhibitions are 
GABA-mediated, the effect of intravenous bicuculline 
(0.1—0.25 mg/kg) was investigated. Some celis showed 
cyclic changes in firing rate and when these were 
marked (>80%) the duration of inhibition, 
particularly that of long inhibition, was often altered. 
Thus, bicuculline-induced changes were considered 
with respect to changes in cell firing rate. 

When a small or no change in firing rate occurred 
after bicuculline administration, the duration of long 
inhibition was reduced by 15—42% (n=6; Figure 1). 
However, the duration was increased if the firing rate 
was markedly raised, a change which was also 
observed in the absence of bicuculline. 

Short inhibition was little affected by bicuculline 
unless the firing rate was markedly changed (n= 16). 
Both types of inhibition could be evoked from the 
same neurone by stimulation at different sites and in 
these cases long inhibition was similarly reduced by 
bicuculline whilst short inhibition was little affected. 

Thus long duration inhibition may be GABA- 
mediated but no evidence was obtained to support this 
view for short duration inhibition. It remains possible 
that short duration inhibition may result from the 
release of another transmitter. 
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Figure 1 The effect of bicuculline (0.1 mg/kg i.v.) on long duration inhibition in the preoptic area of a 
urethane-anaesthetized rat. Each pair of traces shows a post-stimulus-tlmes histogram constructed from 
responses to 200 single stimuli delivered In the amygdala (left) and ten superimposed oscilloscope sweeps of 
action potential traces (right). The position of the stimulus is Indicated by the arrow. (a) Control responses. (b) 
Responses recorded during the action of bicuculline. The histogram was constructed from responses In the 
period 10—1108 after drug administration. The spike records were taken 30—40 s after bicuculllne. (c) 
Recovery 20—22 min after blcuculllne. 

Time calibrations——100 ms. Voltage calibration—-100 pV. 
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Comparative studies on the effects of 
metoclopramide and some known 
neuroleptics on the EEG of the 
conscious rat 
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WHEATLEY 


Pharmacology Laboratory, Wellcome Research 
Laboratories, Beckenham, Kent BR3 3BS 


Like the clinically used neuroleptics, metoclopramide, 
an anti-emetic, when given to laboratory animals 
induces catalepsy (Ahtee, 1975), antagonizes 
apomorphine-induced stereotypy and amphetamine- 
induced ipsiversive circling (Dolphin, Jenner, 
Marsden, Pycock & Tarsy, 1975) and increases brain 
homovanillic acid concentrations (Peringer, Jenner & 
Marsden, 1975). However, it has apparently little 
neuroleptic action in man (Borenstein & Bles, 1965). 
The predictive value of these animal tests being in 
question we considered it of interest to compare 
metoclopramide with three clinically used neuroleptics 
(chlorpromazine, haloperidol and pimozide), with 
regard to their effect on the electroencephalogram 
(EEG) and on dexamphetamine-induced alerting of 
the EEG in the conscious rat. 

EEG studies were undertaken in rats (male, 250 to 
350g) chronically implanted with skull electrodes 
(Goff, Miller, Smith, Smith and Wheatley, 1975). The 
parietal EEG, recorded on magnetic tape was analysed 
for 10s periods at 10s intervals by passing it through 
four broad wave band filters which measured the 
voltage within each of the following frequency bands 
(FB): 2.4 to 4.0, 4.0 to 7.5, 7.5 to 13.5 and 13.5 to 
26.0 Hz (FB1 to FB4 respectively). The hourly mean 
integrated voltages were calculated. The neuroleptics 
were injected subcutaneously at the ED,, values found 
to antagonize the stereotypy induced 30 min after 
apomorphine (5 mg/kg s.c.) in tests in which they were 
administered 60min previously; similar doses 
antagonized dexamphetamine-induced (5 mg/kg s.c.) 
stereotypy. 

In the EEG studies with drugs alone the mean 
hourly voltages in the 4h period after drug 
administration were compared with the mean value for 
the preceding 2h control period. Chlorpromazine 
(8.4 mg/kg, n=3) increased (P<0.05) total voltage 
and voltages in each FB at all times. Haloperidol 
(1.3 mg/kg, n=3) increased (P<0.05) total FB3 and 
FB4 voltages from 2 to 4h but metoclopramide 
(17.0 mg/kg, n=3) and pimozide (1.7 mg/kg, n=3) 
like the control vehicle (n= 9), had no effect. 

In the EEG studies of dexamphetamine-induced 
alerting, the neuroleptics, or control vehicle, were 
injected at the end of a 2h control period and 1h 
before dexamphetamine (0.3 mg/kg s.c.). In control 


rats (n= 5) this dose of dexamphetamine had no gross 
behavioural effects but showed a significant reduction 
in total voltage for the first hour only (P=0.05). This 
alerting effect was antagonized by chlorpromazine, 
haloperidol and pimozide (n=3 or 4) but was 
prolonged by metoclopramide (n=5) with voltage 
being significantly reduced at both 1 and 2h 
(P<0.03). 

Dexamphetamine’s altering action may be 
attributable to noradrenaline release in the brain stem 
(Boakes, Bradley & Candy, 1972) and its antagonism 
by chlorpromazine and haloperidol may reflect their 
ability to block noradrenaline receptors in addition to 
their blockade of dopamine receptors (Andén, 
Butcher, Corrodi, Fuxe & Ungerstedt, 1970). 
However, there is no obvious correlation between the 
effects of the neuroleptics on dexamphetamine- 
induced EEG alerting and their ability to block 
catecholamine receptors as both pimozide and 
metoclopramide which block dopamine but not nor- 
adrenaline (Andén ef al., 1970; Peringer et al., 
1975) had contrasting actions. The potentiation of 
dexamphetamine by metoclopramide may be 
explained by inhibition of dexamphetamine or 
noradrenaline metabolism. 

Additionally, our studies suggest that tests for 
blockade of dexamphetamine-induced EEG alerting 
may perhaps be of more value than others in 
predicting clinical usefulness of neuroleptics. 
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Comparison of the self-administration 
liabilities of morphine and pentazocine 
in the rhesus monkey 
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Basle, Switzerland 


A comparison of the self-administration lability of 
morphine hydrochloride and pentazocine was made 
in 2 male (approx. 3.0 kg), drug-experienced rhesus 
monkeys using a method based on that described 
by Deneau, Yanagita & Seever (1969). The experi- 
ment is summarized in Table 1. The number of lever 
presses made and the iv. injections received by 


syndromes. In animals administering morphine, 
naloxone (0.0032—0.032 mg/kg i.v.) produced a dose 
dependent increase in the duration, intensity and 
variety of the withdrawal signs and saline substitution 
resulted in a marked withdrawal syndrome lasting 3 
days and accompanied initially by a 4-fold increase in 
lever pressing activity. During the pentazocine access 
period, naloxone (0.1—10 mg/kg i.v.) produced a mild, 
non-dose related withdrawal syndrome, saline 
substitution resulting in a mild withdrawal syndrome 
with no increase in lever pressing activity. 

The results indicate that pentazocine produced a 
mild degree of physical dependence that was 
quantitatively and in some aspects qualitatively 
different to that exhibited by morphine. Also, the 
difference in the rates of lever pressing observed 


Mean number of lever presses made and i.v. injections received daily by 2 male rhesus monkeys in 


periods of access to morphine hydrochloride (0.1 mg/kg per injection) and pentazocine (0.032 and 0.1 mg/kg 


Table 1 
per injection). 
Test Dose per Week 
substance injection No. 
mg/kg iv. 
Morphine HCI 0.1 1 
0.1 2 
0.1 3 
0.1 4 
Saline — 5 
Pentazocine 0.032 6 
0.032 7 
0,032 8 
0.032 9 
Pentazocine 0.1 10 
0.1 11 
Saline — 12 


each monkey were registered automatically and the 
totals for each daily 23 h session were recorded. Both 
animals were kept under continuous observation for 
10h daily (7 a.m.—5 p.m.) with the aid of closed 
circuit television. 

The monkeys self-administered both substances, the 
mean daily dose increasing with time (Table 1). 
Naloxone hydrochloride given at intervals during the 
last week of access to morphine HCI (0.1 mg/kg i.v.) 
and pentazocine (0.1 mg/kg i.v.) produced short- 
lasting (maximum 2h), opiate-like withdrawal 


Daily mean values Mean 

daily dose 

Lever presses Injections mg/kg iv. 
59 49 4.9 
62 56 5.6 
74 62 6.2 
132 117 11.7 

Marked withdrawal syndrome 

297 229 Ta 
340 252 8.1 
444 354 11.3 
545 426 13.6 
396 358 35.8 
440 413 41.3 


Mild withdrawal syndrome 


during saline substitution for both drugs suggests that 
pentazocine may not have the same ability as 
morphine to cause psychological dependence. 

We thank Sterling Drug Inc. for the donation of 
pentazocine (Talwin). 
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Some effects of mazindol on the 
metabolism of monoamines in the 
rat brain 
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Animal and human studies have shown mazindol (5- 
hydroxy-5-(4’-chlorophenyl}-2,3-dihydro-5H-imidazo- 
(2,1-a)isoindole) to be an effective anorectic agent 
(Goldrick, Nestel & MHavenstein, 1974; Gogerty, 
Penberthy, Iorio & Trapold, 1975; Haugen, 1975). 
Brain monoamines have been implicated in the 
mechanism of action of anorectic drugs. For example, 
it has been proposed that 5-hydroxytryptamine and 
catecholamines play an important role in the anorectic 
effect of fenfluramine and (+)-amphetamine 
respectively (Garattini, Bizzi, de Gaetano, Jori & 
Samanin, 1975). The objective of this study was to 
investigate some of the effects of mazindol on the 
metabolism of 5-hydroxytryptamine, noradrenaline 
and dopamine in the rat brain. 

Male Wistar rats weighing 180—220 g were used in 
all studies. Mazindol (30 mg/kg, i.p.) had no effect on 
steady state levels of 5-hydroxytryptamine, 5- 
hydroxyindole acetic acid or tryptophan in the rat 
brain at 1,2 and 4h after injection. The turnover of 5- 
hydroxytryptamine in the brain was also unaltered by 
mazindol. The in vivo blockade of rat brain 5- 
hydroxytryptamine re-uptake was studied by in- 
vestigating the effect of drug pretreatment on the 
ability of p-chloroamphetamine (10 mg/kg, ip.) to 
lower brain 5-hydroxytrytamine content. Unlike 
compounds which block 5-hydroxytryptamine re- 
uptake, e.g. the tricyclic antidepressants, mazindol 
(30 mg/kg, ip.) did not antagonize the p- 
chloroamphetamine induced reduction in the con- 
centration of brain 5-hydroxytryptamine. 

Mazindol (30 mg/kg, i.p.) evoked a slight but 
significant decrease in rat brain steady state levels of 
both noradrenaline and dopamine. Jn vivo central 
catecholamine re-uptake was studied by investigating 
the effect of drug pretreatment on the ability of in- 
traventricularly administered 6-hydroxydopamine to 
lower brain levels of noradrenaline and dopamine. 
Both mazindol and desipramine antagonized the 


ability of intraventricularly administered 6-hydroxy- 
dopamine (100 ug) to lower brain steady state levels of 
noradrenaline. Mazindol was approximately five times 
more potent than desipramine. The ability of in- 
traventricularly administered 6-hydroxydopamine 
(250 pg) to lower rat brain dopamine content was 
unaltered by the prior administration of desipramine 
(30 mg/kg, i.p.). In contrast to desipramine, mazindol 
was a potent inhibitor of the 6-hydroxydopamine 
induced fall in brain dopamine concentration, the Lp. 
ID. value for mazindol being 10.3 mg/kg. In addition 
to blocking dopamine re-uptake, mazindol like (+)- 
amphetamine (Dorris & Shore, 1974), also released 
dopamine as indicated by its ability to lower levels of 
a-methyl-m-tyramine in the rat corpus striatum. 

The results of this study reveal that mazindol is a 
potent inhibitor of the in vivo re-uptake of both 
noradrenaline and dopamine in the rat brain. In 
addition to blocking dopamine re-uptake, mazindol 
also releases the amine. In contrast to its marked 
effects on brain catecholaminergic systems, mazindol 
would appear to be devoid of effect on rat brain 
serotoninergic systems. The neurochemical profile of 
mazindol bears a much closer resemblance to that of 
(+)-amphetamine than to that of fenfluramine. 
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Is the striato-nigral pathway 
responsible for ‘feed-back’ control of 
dopamine release? 


G.W. ARBUTHNOTT, M. GARCIA-MUNOZ, 
N.M. NICOLAOU, LF. TULLOCH & ALK. 
WRIGHT (introduced by G.W. ASHCROFT) 
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Pharmacology, Edinburgh 


Blockade of post-synaptic dopamine (DA) receptors 
by haloperidol and similar neuroleptics is thought to 
increase DA turnover via a neuronal feedback 
pathway. The most obvious candidate for this function 
is the gabaminergic pathway from striatum to 
substantia nigra. 

The pathway followed by the striato-nigral 
neurones was traced autoradiographically after [?H]- 
leucine injection into striatum following the methods 
of Cowan, Gottlieb, Hendrickson, Price & Woolsey 
(1972). At the level of the mamillary bodies this 
pathway lies in the internal capsule more lateral than 
the ascending axons of the nigro-striatal system. 

Electrolytic lesions of the striato-nigral pathway 
were made which completely spared the dopamine 
containing nigro-striatal projection. Rats with such 
lesions turned towards the lesioned side after i.p. 
apomorphine (0.5—5.0 mg/kg) and amphetamine 
(2 mg/kg). These animals behave like animals with 
large unilateral lesions of the striatum (Andén, 
Dahlstrom, Fuxe, Larsson, 1966) although they have 
normal levels of dopamine and its acid metabolites on 
both sides of the brain. 

If the pathway from striatum to substantia nigra is 
involved in the response of the dopamine neurones to 
neuroleptics then the lesion should reduce the rise in 
homovanillic acid (HVA) 3,4,-dihydroxyphenylacetic 
acid (DOPAC) in the striatum after haloperidol 
administration. The level of DA was estimated by the 


The effects of anorectic drugs on 
uptake and release of brain 
monoamines 


Z.L. KRUK & M.R. ZARRINDAST 


Department of Pharmacology and Therapeutics, The 
London Hospital Medical College, Turner Street, London, 
E1 2AD. 


While it is generally agreed that the action of anorectic 
drugs in the CNS involves catecholamines and 5- 
hydroxytryptamine (5-HT), it is still not clearly 


¢ 


methods of Coyle and Henry (1973), and HVA and 
DOPAC by a modification of the method of Pearson 
& Sharman (1975a), in single striata from rats injected 
with haloperidol (1 mg/kg ip.) 30 min before they 
were killed. The concentration of HVA increased 
more than 500% on both sides in animals with 
unilateral lesions in the striato-nigral pathway. The 
increase in DOPAC (300%) and the decrease in DA 
(50%) were also similar in lesioned and unlesioned 
striata. 

That the lesions were effective is indicated by a 60% 
fall in the levels of GABA in substantia nigra on the 
lesioned side estimated by a modification of the 
method of Pearson and Sharman (1975b) although the 
levels of DA were not different. 

In conclusion it seems unlikely that a feed-back via 
the striato-nigral GABA containing neurones can be 
responsible for the effect of haloperidol on DA release. 
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established which neurochemical systems are affected 
by individual anorectic drugs. As many anorectic 
drugs have some indirect sympathomimetic activity it 
was decided to examine the ability of these 
compounds to block the uptake or to facilitate the 
reléase of dopamine, noradrenaline and 5-HT from 
brain tissues. 

Uptake was measured by the method of Snyder & 
Coyle (1969), and release was measured by the 
method of Ferris, Tang & Maxwell (1972), using 
tritiated monoamines and synaptosomes prepared 
from rat brain regions rich in nerve terminals 
containing those monoamines. 
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The effect of anorectic drugs on uptake and release of tritiated monoamines measured in 


synaptosomes prepared from the brain region indicated. The number of determinations made is indicated in the 


Table 1 
brackets. 
3//{-Dopamine (Striatum) 
Compound IC gol uM) RC. fm! 
D-Amphetamine 0.05 + 0.007 0.25 +0.22 
8} (6) 
Phenmetrazine 0.1 +0.04 10.04 1.0 
(5) (4) 
Phentermine 0.23 +0.05 1.4 41.3 
, (4) (6) 
Mazindol 0.25 +0.04 44.04+4.0 
(6) (6) 
Diethylpropion 120.0 + 20.0 56.0+3.0 
(4) (6) 
p-Chloramphetamine 0.16+0.02 2.3+0.1 
(5) (5) 
Norfenfluramine 1.7+0.8 0.56 +0.17 
(3) (4) 
Chlorphentermine 6.0 + 0.2 9.5 1.0 
(4) (4) 
Fenfluramine 12.0+3.0 34.0+ 3.0 
(4) (4) 


ICs and RC,, are the molar concentrations causing 


respectively. 


The results are expressed as IC., and RC,, values, 
defined as the molar concentration of drug causing 
50% inhibition of uptake, or 50% release of 
monoamine respectively. These values were derived 
from graphs in which % inhibition of uptake or % 
release was plotted against log molar concentration of 
anorectic drug. 

The drugs examined were generally more potent as 
inhibitors of uptake than as releasers of monoamines. 
All the drugs examined were weak releasers of 
noradrenaline with RC > 10-4 M. 

Dexamphetamine, mazindol (5-hydroxy-5-(4'- 
chlorophenyl)-2,3-dihydro-5H-imidazo(2,1-a) isoin- 
dole), phentermine, phenmetrazine and diethylpropion 
were more potent in affecting uptake and release of 
dopamine than 5-HT. Fenfluramine, norfenfluramine, 
chlorphentermine and p-chloraphetamine were more 
potent in affecting release and uptake of 5-HT than 
dopamine. These results confirm that anorectic drugs 
act through either a dopaminergic or 5-HT 
mechanism in the brain (Kruk, 1973; Clineschmidt, 


5H-5-Hydroxytryptamine 3H-Noradrenaline 


(Striatum} {Hypothalamus} 
IC sof uM) RC ofp) Calum 
1240.3 3.01.3 0.07 + 0.006 
(6) (5) (6) 
7.0+ 1.0 80.0 + 18.0 0.4+0.06 
(5) (5) (5) 
1.44+0.1 22.04+13.0 0.4 + 0.02 
(4) (5) (5) 
0.16 +0.06 90.0 + 44.0 0.004 + 0.004 
(8) (5) (9) 
(> 1074m) (>10— m) 16.0+ 4.0 
(4) 
0.02 + 0.007 0.13 +0.04 0.5+0.06 
(5) (5) (6) 
0.24 +1.0 0.58 +0.05 0.5+0.11 
(5) {5} (5) 
0.085 + 0.022 0.16 +0.07 0.9+0.12 
(5) (5) (5) 
0.340.13 0.65 +0.18 1.84+0.8 
(5) (5) (4) 


50% Inhibition of monoamine uptake and release 


McGuffin & Werner, 1974) and that noradrenergic 
mechanisms are unlikely to have a significant role in 
mediating anorectic responses. 
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Effect of chronic pretreatment with 
sympathomimetic bronchodilator drugs 
on the responsiveness of guinea-pig 
lung adenylate cyclase /n vitro 
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Tolerance to the cardiac stimulatory and 
bronchodilator effect of the sympathomimetic drugs 
used in the treatment of asthma has been shown to 
develop in man and the guinea-pig respectively 
(Conolly, Davies, Dollery & George, 1971; Bouhuys, 
Douglas & Lewis, 1972; Benoy, Elfellah, Schneider & 
Wade, 1975). However, the mechanism(s) by which 
such tolerance is brought about is unknown. One 
possibility is that the drugs used can desensitize the B- 
adrenoceptors. Since there is strong evidence to 
support the hypothesis that f-adrenoceptors are 
associated with adenylate cyclase (Robison, Butcher 
& Sutherland, 1971), we have investigated the effect of 
pretreatment with sympathomimetic bronchodilator 
drugs on guinea-pig adenylate cyclase activity in vitro. 

The animals were pretreated as previously 
described (Benoy ef al, 1975), killed by cervical 
dislocation and lung slices (1mm in thickness) 
prepared using a Mcllwain tissue chopper. In some 
experiments, tracheal rings were also used. Incubation 
conditions and methods were as described by 
Kakiuchi & Rall (1968) with the following 
modifications: the incubation was terminated by 
immersing the tubes in a boiling water bath for 3 min 
and homogenates of the tissue were prepared in the 
incubation medium using a Silverson homogenizer. 
One ml aliquots were removed for protein determina- 
tion (Lowry, Rosebrough, Farr & Randall, 1951) and 
the remaining solution was centrifuged at 2000 æ for 
10 min and used for the assay of cyclic AMP using the 
method of Gilman (1970) as modified by Torey, 
Oldham & Whelan (1974). 

There was no change in basal adenylate cyclase 
activity in either lung slices or tracheal rings after any 
drug pretreatment. However, after pretreatment of 
animals with isoprenaline for 7 days, but not for 3 
days, with thrice daily s.c. injections of 5 pg/kg, the 
sensitivity of adenylate cyclase to isoprenaline 
(10-*M) was reduced in lung slices [control 173 + 25 
(10); pretreated 86+ 12 (10) (P <0.01); results depict 
mean activity expressed as pmol cAMP.mg pro- 
tein~' 6 min`! minus basal activity +s.e. mean] and 
also in tracheal rings [control 24+6 (6); pretreated 
8+3 (6) (P<0.01); results expressed as pmol 


! Present address: ICI Ltd., Alderley Park, Macclesfield, 
Cheshire. 


cAMP tracheal ring 6 mint]. In animals similarly 
pretreated with isoprenaline, cross-tolerance was 
shown in lung slices challenged with 
noradrenaline (5x 105M) [Control 130+20 (4); 
pretreated 52+8 (4) (P<0.02)] but not when 
challenged with prostaglandin E, (5 x 10-* M) [control 
387+ 28 (6); pretreated 340 + 50 (6)]. 

When guinea-pigs were pretreated with salbutamol 
(thrice daily s.c. injections of 10 pg/kg) a cross- 
tolerance developed to isoprenaline, but not to pro- 
staglandin E,, in lung slices and tracheal rings. 

Since we have previously found (Elfellah and 
Turnbull—-to be published) that lung 
phosphodiesterase activity is unaffected by the above 
drug pretreatments, our results suggest that the 
reduced sensitivity of adenylate cyclase found in the 
present experiments may be due to a desensitization of 
the enzyme caused by the prior in vivo exposure to the 
bronchodilator drugs. It is tempting to speculate that 
this phenomenon may be related to the development of 
tolerance to bronchodilator drugs in asthmatic 
subjects. 


The authors wish to thank Mr A. Reid for technical 
assistance and the University of Benghazi, Libya, for 
financial support. We are grateful to Dr Pike of the Upjohn 
Co., Kalamazoo, for the sample of PGE,. 
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The effect of acute doses of 
buprenorphine on concentrations of 
homovanillic acid (HVA), 
5-hydroxyindoleacetic acid (5-HIAA) 
and 3-methoxy-4-hydroxyphenylglycol 
(MIHPG) in the rat forebrain 


A. COWAN, P.W. DETTMAR & D.S. WALTER 


Department of Pharmacology, Reckitt 
Kingston-upon-Hull HU8 7DS 


& Colman, 


The new narcotic antagonist analgesic, buprenorphine 
(0.01-1.0 mg/kg, s.c.) induces ipsilateral turning 
Behaviour in rats with lesions (caused by 6- 
hydroxydopamine) in the left substantia nigra 
(Cowan, Dettmar & Walter, 1975a). Over the same 
dose range, buprenorphine antagonizes apomorphine- 
induced turning in the rat model (Cowan, Dettmar & 
Walter, 1975b). These effects may be related to an 
ability of buprenorphine to release dopamine in the 
central nervous system but an indirect action on 
noradrenergic or tryptaminergic pathways cannot be 
excluded. To investigate these possibilities, the con- 
centrations of homovanillic acid (HVA), 5- 
hydroxyindoleacetic acid (SHIAA) and’ 3-methoxy-4- 
hydroxyphenylglycol (MHPG) were simultaneously 
measured in the forebrains (containing frontal cortex, 
basal ganglia and hypothalamus) of male Sprague- 
Dawley albino rats (150—180 g; n=5—6) 1h after 
injection of buprenorphine hydrochloride (0.1, 3 and 
10 mg base/kg, s.c.), haloperidol (0.3, 1 and 3 mg/kg, 
i.p.), or vehicle (5 ml/kg). 

5-Hydroxyindoleacetic acid was measured using the 
method of Curzon and Green (1970) and MHPG was 
estimated using a semi-micro method based on the 
gas-liquid chromatographic procedure of Walter & 
Eccleston (1973); HVA was estimated using gas liquid 
chromatography after forming the 4’-trifluoracetyl, 
trifluorethyl ester of HVA. 

Statistically significant increases in the concentra- 
tion of HVA were obtained after injection of 
buprenorphine (0.1, 3 and 10 mg/kg, P<0.01 by 
Student’s ¢ test) or haloperidol (0.3, 1 and 3 mg/kg, 


P <0.01) however, the concentrations of 5-HIAA and 
MHPG were not significantly affected by either 
compound. 

Naloxone hydrochloride (3 mg salt/kg, s.c. at 
— § min) antagonized the increase in HVA caused by 
buprenorphine (0.1 mg/kg, P<0.05; 3 mg/kg, 
P<0.01) but had no significant effect on the increase 
in HVA produced by haloperidol (1 mg/kg). At this 
dose level, naloxone did not significantly alter the con- 
centrations of HVA, 5-HIAA or MHPG. The 
contrasting results obtained with naloxone are similar 
to the previous findings (Cowan, Dettmar & Walter, 
1975b) that naloxone (3 mg/kg) antagonizes the 
inhibitory effect of buprenorphine (0.1 mg/kg), but not 
that of haloperidol (1 mg/kg), on apomorphine- 
induced turning behaviour in rats. 

The present data suggest that doses of 
buprenorphine which cause behavioural changes may 
increase the turnover of dopamine, but not that of 
noradrenaline or 5S-hydroxytryptamine, in the 
forebrain of rats. An opiate link would appear to be 
involved in the mediation of this effect since the rise in 
HVA is naloxone-sensitive. 
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The stimulated release of 
dopamine-f-hydroxylase from intact 
organs of normo- and hypertensive rats 


D.R. ALGATE & G.D.H. LEACH 
School of Pharmacology, University of Bradford 


Measurement of the circulating levels of dopamine-f- 
hydroxylase (DBH), the mixed function oasiase 


catalysing the hydroxylation of dopamine to 
noradrenaline in postganglionic monoaminergic 
neurones and the adrenal medulla, has been proposed 
as a useful index of sympathetic nervous activity 
(Axelrod, 1972). Its application as a means of 
studying sympathetic nervous involvement in 
hypertension has not been accepted by all workers 
(Geffen, Rush, Louis & Doyle, 1973; Horwitz, 
Alexander, Lovenberg & Keiser, 1973) since the 
enzyme levels measured in serum from man and 
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animals cannot be consistently shown to correlate 
with blood pressure changes as a result of increased 
sympathetic activity. However, raised circulating 
levels of DBH have been observed in certain types of 
hypertension in man and animals (De Champlain, 
Farley, Cousineau & van Ameringen, 1976; 
Schanberg & Kirshner, 1976). 

Circulating DBH is believed to be derived from 
monoaminergic nerve-endings of all sympathetically 
innervated tissues, therefore estimation of DBH in the 
circulation is not a satisfactory measurement of the 
stimulated release of neuronal DBH. An alternative is 
described below. 

Experiments were performed on female rats (C.F.E. 
derived strain) weighing 200—240 grams. The animals 
were prepared for stimulation of the sympathetic 
outflow using a modification of the Gillespie and Muir 
preparation (1967) and artificially respired. The 
splenic vein of eight rats was cannulated and 
connected to a cannula in the left femoral vein to 
maintain haemodynamic continuity. The hepatic- 
portal vein of a further eight rats was cannulated and 
similarly connected to a femoral vein cannula. The 
blood pressure was monitored in all animals by means 
of a cannula placed in the left carotid artery. Blood 
samples were collected from the spleen or hepatic- 
portal vein following selective stimulation of the 
sympathetic outflow supplying the coeliac and 
superior mesenteric ganglia (T10-L1), at frequencies 
between 1 and 25 Hz (20 V, pulse-width 0.3 ms for 
5s). At the same time blood samples were taken from 
the carotid artery to serve as controls, DBH released 
from heart tissue was measured by sampling from the 
aortic arch of eight rats following selective stimulation 
at frequencies between 0.5 and 5 Hz (30 V, pulse- 
width 0.5 ms for 15s) of the spinal outflow to the 
stellate ganglion (C7-T1l). Serum was removed 
simultaneously from the femoral vein to serve as a 
control. These experiments were repeated using 
various types of hypertensive rats. The animal models 
used were spontaneously hypertensive, renal 
hypertensive and deoxycorticosterone acetate/NaCl 
rats. 

The serum was assayed for DBH activity by the 


spectrophotometric method of Kato, Kuzuya & 
Nagatsu (1974). 

In each of the three tissues, DBH was shown to be 
released in a frequency dependent manner. The 
maximum enzyme levels released in response to 
stimulation expressed as nmol.ml~!.h7!+5s.e. mean, 
were spleen, 25.254+2.25, (25 Hz); mesentery, 
14.3 +0.95, (25 Hz); and heart 9.1 + 1.7 (5 Hz). The 
stimulated release of the enzyme in hypertensive 
animals did not differ significantly from those of the 
normotensive rats. 

These results provide further evidence for the 
combined release of DBH and noradrenaline at nerve 
endings. They also suggest that biochemical 
mechanisms associated with the release of transmitter 
at the sympathetic postganglionic nerve-ending do not 
differ significantly in hypertensive rats. 
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Evidence for tryptamine receptors 
on cardiac sympathetic nerves 
J.R. FOZARD & A.T.M. MOBAROK ALI 


Department of Pharmacology, Materia Medica and 
Therapeutics, The University, Manchester M13 9 PT. 


5-Hydroxytryptamine (5-HT) stimulates noradrenaline 
release from rabbit cardiac sympathetic nerves 


(Fozard & Mwaluko, 1976). Despite the fact that 
classical tryptamine receptor antagonist drugs 
displayed no selective blocking activity, the possibility 
was considered that tryptamine receptors (Gaddum & 
Picarelli, 1957) exist on the terminal fibres which 
evoke transmitter release when activated (Fozard & 
Mwaluko, 1975). In an attempt to clarify the situation, 
the effects of several analogues of 5-HT have been 
investigated on the rabbit heart and comparisons have 
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Table 1 
nerves 


Compound 


5-HT 

N-methyl-5-HT 
N,N-dimethyl-5-HT 

5 ,6-dihydroxytryptamine 
Tryptamine 


302* (135—676) (4) 


Equivalent molar ratlos for stimulation of the cardiac sympathetic nerves and the ileal chollnergic 


_ EDs, drug 

Molar dose ratio ——_———_ 

ED, 5-HT 

Heart fleum 

1 1 

2.2 (1.7—2.8) (4) 1.2 (0.3—4.5) (4) 
2.3 (1.8~3.0) (5} 2.9 (1.2—6.6} (7) 
4.7 (3.2~—6.9) (3) 3.5 (3.0—4.0) (4) 


328* (133-807) (5) 


Figures presented are mean values with 95% confidence limits. * Molar dose ratio EDs drug 


been made with their potency as stimulants of the 
cholinergic elements of the guinea pig ileum. 

Hearts were perfused with modified Tyrode solution 
containing atropine (1.4uM) and right atrial and 
ventricular tensions and cardiac rate were recorded as 
previously described (Fozard & Muscholl, 1971). 
Segments of guinea pig ileum were set up in modified 
Tyrode solution containing methysergide (2.8 uM). 

Bolus injections of 5-HT, tryptamine, 5,6- 
dihydroxytryptamine, AN-methyl-S-HT and N,N- 
dimethyl-5-HT increased the force and rate of cardiac 
contraction. With the exception of N,N-dimethyl-5- 
HT, the ED,, responses of all the compounds were 


abolished by perfusion with 5-HT (7.1 uM), colchicine ` 


(1 mM) or propranolol (0.34 uM) indicating a basically 
similar mechanism of indirect sympathomimetic 
action. Responses to N,N-dimethyl-5-HT were 
abolished by colchicine or propranolol, but a small 
residual response occasionally remained during 
perfusion with 5-HT. All the compounds also 
stimulated the guinea pig ileum treated with 
methysergide. Responses to the ED,, of all the 
compounds were abolished by morphine (1.3 pM) or 
atropine (1.4uM) confirming activation of the 
cholinergic neuronal elements of the ileum. The 
equiactive molar ratios for stimulation of the cardiac 
sympathetic nerves and the ileal cholinergic nerves are 
presented in Table 1. 


ED.. 5-HT 


Thus, four closely related analogues of 5-HT 
stimulate transmitter release from rabbit cardiac 
sympathetic nerves by a mechanism basically similar 
to 5-HT itself. The close similarity between the 
potencies of these compounds relative to 5-HT in this 
respect and on the cholinergic nerves of the guinea pig 
ileum would implicate a common receptor site. 
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Inhibitory effect of clonidine 
on a peripheral adrenergic synapse 


O.A. IDOWU & M.A. ZAR 


Department of Pharmacological Sciences, The Medical 
School, The University of Newcastle upon Tyne, NET 
7RU. 


Clonidine is a potent hypotensive agent and is known 
to possess powerful central nervous system effects 
(Schmitt, Schmitt, Boissier & Giudicelli, 1967). Its 
peripheral actions have generally been regarded to be 
too insignificant to contribute to its hypotensive effect 
(Kobinger, 1975). Investigations of its action upon the 
release of noradrenaline (NA) in peripheral 
adrenergically innervated tissues have led to 
conflicting conclusions (Werner, Starke & Schumann, 
1972; Stjarne, 1975). In the present study an attempt 
has been made to analyse the peripheral effects of 
clonidine at concentrations comparable to those 
observed in human plasma during antihypertensive 
therapy (Dollery, Davies, Draffan, Dargie, Dean, 
Reid, Clare & Murray, 1976) on a suitable 
adrenergically innervated in vitro preparation. The rat 
isolated anococcygeus (Gillespie, 1972) was used 
because of its ability to give reproducible mechanical 
responses to both long and short trains of electrical 
pulses. 

Isolated anococcygii from male rats were set up in 
10 ml organ baths between parallel platinum 
electrodes in Krebs—Henseleit at 37°C and 
contractions were recorded isometrically. For 
electrical field stimulation, pulses of 1 ms duration at 
12 Y were used. 

Clonidine had a profound inhibitory effect on 
adrenergic motor transmission evoked by short trains 
(< 10 pulses). Its effect declined as the train-length was 
increased (% inhibition at 10 Hz: 91.9+ 5.3 with 2 
pulses; 1.5+3.0 with 40 pulses). Another factor which 
determined the intensity of inhibition was the 
frequency of pulses in each train; inhibition was more 
marked at lower frequencies (% inhibition of 5-pulse 
trains: 96.8 + 1.9 at 1 Hz; 63.7 + 6.8 at 40 Hz). 

The threshold concentration of clonidine for 
inhibition was around 107m and maximum 
inhibition was achieved by concentrations of 
10-9M—10-8M. 

NA-evoked contractions were not inhibited by 
clonidine, indicating that clonidine has a presynaptic 


site mediating its inhibitory effect on adrenergic 
transmission. Unlike clonidine, neither NA 
(10-?m—10-'M), nor phenylephrine (10° M— 
1077 M), appeared to reduce the twitch-height. 
The indirect sympathomimetic tyramine (10-7 M— 
10-5 M) induced contraction of the smooth muscle, 
but did not inhibit the transmission. Inhibition due 
to clonidine was unaffected by the concurrent 
presence of tyramine (10-5 M) or NA (10-6 M) in the 
bath. The inhibitory effect of clonidine persisted 
unimpaired after blockade of neuronal uptake of NA 
by cocaine (10% M) or by desmethylimipramine 
(3x 10-8 M—3x 1077 M), and exogenous NA still 
lacked an inhibitory effect. 

These results suggest that clonidine in low con- 
centrations is an effective adrenergic neurone blocking 
agent; train-length and the frequency of stimulation 
are the critical factors, in that order, limiting its 
effectiveness. The mechanism of its inhibitory action 
involves presynaptic sites upon which NA, exogenous 
or endogenous, and phenylephrine have little or no 
effect. 


We thank Boehringer, Ingelheim for the generous donation 
of clonidine hydrochloride. 
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Studies on monoamine oxidase in rat 
spinal cord 


A.J. GEORGE & G.T. JONES 


Pharmacology Department, School of Pharmacy, 
Liverpool Polytechnic, Liverpool, UK. 


Monoamine oxidase (MAO) exists in at least two 
forms (‘A’ & ‘B’) which differ in their affinities for 
different amine substrates (Johnston, 1968). In this 
study, rat spinal cord and brain MAO activities were 
compared. Male rats (200—250 g) were killed and the 


clorgyline and pargyline were investigated, with regard 
to enzyme and substrate specificity. 

When tyramine is the substrate, clorgyline 
(1x 107-7M), a specific inhibitor of MAO ‘A’ 
(Johnston, 1968) causes a greater inhibition of MAO 
activity in spinal cord (80%) than in brain (41%). 
Pargyline (1 x 1077M), a specific MAO ‘P’ inhibitor 
(Squires, 1972), inhibited brain MAO activity by 63% 
and spinal cord MAO activity by 24% using tyramine 
as substrate. Since tyramine is a substrate for both 
MAO types, it appears that type A activity is pro- 
portionately greater in rat spinal cord than in rat 
brain. 


Mean MAO activity as n moles product formed per mg protein h™ 


§-HT Tyramine Benzylamine 
Control C P Control C P Control C P 
Brain 20.62 2.31 17.97 9.64 3.70 6.10 T21 6.98 1.05 
+1.98 +024 +1.83 +089 +0.29 +058 +0.78 +067 +0.09 
Spinal cord 16.51 1.62 14.96 7.56 1.40 5.92 3.27 3.21 0.25 
+1.67 40.18 +132 40.71 +0.13 £4060 +036 4034 +0.23 


C=clorgyline 1 x 10-7 M, P=pargyline 1 x 1077 M 
Each result is the mean of 7 experiments. 


spinal cord was removed, blotted, weighed, and then 
homogenized in ice-cold sucrose (0.25 M). Each 
homogenate was centrifuged at 8x 10° for 5 min and 
the precipitate retained and resuspended in phosphate 
buffer (pH 7.2). Brain MAO was prepared as 
described by Johnston (1968). To assess MAO 
activity, 0.1 ml of suspension was incubated at 37°C 
for lh with Ilpmol of ([?*C]-tyramine 
(0.3 u Ci/umol) and phosphate buffer pH 7.2. A 
blank was prepared by boiling a 0.1 ml sample of the 
suspension. The reaction was terminated with HC] 
and [!*C]metabolite was extracted with ethyl 
acetate : benzene (1:1 v/v). 1 ml of extract was assayed 
for radio-activity (George & Leach, 1975) and the 
protein concentration of a 0.1 ml sample of suspension 
was determined as described by Lowry, Rosebrough, 
Farr & Randall (1951). The experiments were 
repeated using [!*C]-5-HT and ['*C]-benzylamine as 
substrates. The effects of the MAO inhibitors 


This work was supported by a grant from W. Warner and Co. 
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Effect of denervation and cocaine on 
the response of isolated rat 

vas deferens to noradrenaline 

and methoxamine 


A.R. DEHPOUR, F. GHAFFARPOUR, K. 
HOSSEINZADEH & M.A. KHOY! 
(introduced by F. MICHAL) 


Department of Pharmacology, Faculty of Medicine, 
University of Tehran, Tehran, Iran 


In the rat vas deferens, cocaine increases the 
maximum response and shifts the dose-response curve 
for noradrenaline (NA) to the left (Barnett, 
Greenhouse & Taber, 1968). The former has been 
ascribed to a postjunctional effect and the latter to the 
prevention of neuronal NA uptake by cocaine 
(Trendelenburg, 1972). To provide evidence for the 
site of action we used methoxamine, an alpha- 
adrenoceptor agonist, whose neuronal uptake is 
negligible (Trendelenburg, Maxwell & Pluchino, 
1970). 

Vasa deferentia of rats were placed in oxygenated 
Tyrode solution at 37°C, and the isotonic 
contractions were recorded on a kymograph and 
developed tension on Grass polygraph. Denervation of 
tissue was carried out by desheathing (Birmingham, 
1970) 24h before experiment. Reserpinization was 
achieved by reserpine (5 mg/kg and 2.5 mg/kg, 48 and 
24 h before experiment respectively). 

Cocaine (2.94 uM), potentiated the effect of NA 12- 
fold and increased the maximum response by 
75+ 12.4%. Denervation potentiated the response to 
NA ten-fold. Cocaine had no significant effect on the 
dose-response curve and maximum response to NA in 
denervated vasa deferentia. 


The effects of AH 5158 on metabolism 
of 7H(—)noradrenaline released from 
the cat spleen by nerve stimulation 


RJ. SUMMERS & JANET TILLMAN 


Department of Pharmacology, The University, Glasgow 
G12 8QQ 


In the isolated blood perfused cat spleen AH 5158, 5- 
(1-hydroxy-2-[(1-methyl-3-phenylpropyl)aminoJethyl) 
salicylamide, acts as a selective post-synaptic a- 
adrenoceptor antagonist. The drug elevates transmitter 
overfiow but the mechanism involves inhibition of 
uptake rather than inhibition of pre-synaptic a- 


ED., of methoxamine was 1.49 +0.36 uM in intact 
tissue and 2.83+0.81 1M in reserpinized tissue. 
Devervation did not alter ED,, of methoxamine 
significantly (4.32 +0.77uM in reserpinized tissue) 
and phentolamine shifted the dose-response curve to 
the right in a parallel fashion. 

ED,, for methoxamine after pretreatment with 
cocaine was 1.49+0.40uM in intact tissue and 
4.364+1.0l uM in reserpinized tissue. Cocaine 
increased the maximum response to methoxamine by 
3.5+5.3% and 13+2.7% in intact and reserpinized 
tissue respectively. This was significantly lower than 
that observed for NA. 

These results support the idea that cocaine 
potentiates the response to NA by inhibiting the 
neuronal uptake of NA. They also suggest that the 
increase in maximum response to NA in intact rat 
vasa deferentia is at least partly due to prejunctional 
effects of cocaine. 
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adrenoceptors (Blakeley & Summers, 1976). The 
present experiments investigate whether the site of 
uptake inhibition is neuronal or extraneuronal and 
whether AH 5158 affects degradative enzymes. 
Isolated blood perfused cat spleens were labelled 
with [?H]-(—}noradrenaline (0.5 nM/min for 10 min; 
blood flow 6.0+0.3 ml/min, n=9). Loosely bound 
label was washed out by perfusion with Krebs 
bicarbonate saline for 30 minutes. Blood perfusion 
was re-established and the spleen perfused for 30 
minutes. After stimulation of the splenic nerves with 
200 impulses at 10 Hz, venous blood was collected in 
four 1 min fractions, chilled and centrifuged. One 
aliquot of plasma was counted directly and another 
was taken for the separation of [>H](—}noradrenaline 
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and its metabolites by column chromatography 
(Graefe, Stefano & Langer, 1973). 

AH 5158 (107-’—3x 10M) produced a dose 
dependent increase inthe overflow of PH] following 
nerve stimulation (r=0.83; P< 0.02; n=8). The dose 
required to produce a 50% increase in overflow was 
2.3x 105M. These results are similar to those 
obtained by measurement of the overflow of 
endogenous noradrenaline (Blakeley & Summers, 
1976). 

AH 5158 had no apparent effect on the production 
of (3H]-DOMA (3,4-dihydroxy mandelic acid] or the 0- 
methylated deaminated metabolites, [*H]-MOPEG [3- 
methoxy 4-hydroxy phenyl glycol and [7H]-VMA [3- 
methoxy 4-hydroxy mandelic acid], indicating that the 
drug does not directly inhibit MAO, COMT or ex- 
traneuronal uptake. [7H]-DOPEG (3:4 dihydroxy 
phenyl ethylene glycol) production was inhibited, 
particularly during the last 3 min of collection when, 
under normal conditions, a high proportion of PH] 
overflowed as metabolites. The inhibition was dose- 
dependent and the doses required to reduce [*H]- 
DOPEG production by 50% in the last 3 min of 
collection were 1.2x10-°M, 2.3x10-°M and 
2.4x10-°M. There was a significant (r> 0.885, 
P<0.001, n>6) inverse relationship between the 
change in proportion of [?H]-(—)-noradrenaline and 
[7H]-DOPEG recovered for each of the last three 1 
min collection periods. DOPEG is thought to be 
derived from the fraction of transmitter taken back 
into the nerves which is metabolized by MAO and 
aldehyde reductase (Kopin, 1972), and the amount 


The receptors involved in 
catecholamine mediated growth and 
secretion in rat parotid gland 


A.D. CORBETT, BARBARA E. MAIN, T.C. 
MUIR & D. TEMPLETON 


Department of Pharmacology, The University, Glasgow 
G12 8QQ 


Catecholamines increase the rate of growth and 
produce a protein-rich secretion in rat salivary glands 
(Schneyer, 1974; Muir, Pollock & Turner, 1975). 
These effects are inhibited by propranolol and are 
presumably mediated via S-adrenoceptors. Theincrease 
in growth may arise from a depletion of secretory 
material (especially amylase) following catecholamine 


stimulation (Schneyer, 1974). This hypothesis was. 


investigated by comparing the ability of sympathetic 
nerve stimulation and several adrenergic agonists to 


formed has been taken as an index of neuronal uptake 
(Cubeddu, Barnes, Langer & Weiner, 1974). Since 
both the neuronal uptake inhibitor cocaine (Cubeddu 
et al., 1974) and AH 5158 inhibit the production of 
[3H]-DOPEG following nerve stimulation it is likely 
that the site of uptake inhibition by AH 5158 is 
neuronal. 


This work was supported by the Wood Boyd Fund of 
Glasgow University. JT is an MRC Scholar. 
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enhance growth and deplete amylase and total protein 
stores. A classification of the B-adrenoceptor involved in 
terms of 8, or B, activity (Lands, Arnold, McAuliff, 
Luduena & Brown, 1967) was also made. 

In anaesthetized (halothane 3%, N,O/O, 2:1) rats 
the cervical sympathetic trunk or the parasympathetic 
nerves to the parotid were stimulated (20 Hz, 1 ms, 
30s/min supramaximal for up to 90min) 
unilaterally or drugs given i.p. and saliva collected 
from the cannulated duct. Pieces of gland (10—20 mg) 
were removed before and again after (90 min) 
treatment and the total protein (Lowry, Rosebrough, 
Farr & Randall, 1951) and amylase levels (Phadebas 
commercial kit) compared. Saliva was also assayed 
for total protein and amylase content. Total protein 
and amylase content of unstimulated contralateral 
glands measured before and after nerve stimulation 
were not significantly different. Increased growth was 
measured, as an increased DNA synthesis by the 
uptake of [5H]-thymidine and as an increase in the 
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mitotic index determined 32h after commencing 
treatment and 8h after colchicine (1 mg/kg i.p.). 
Controls were contralateral unstimulated glands or 
glands from saline treated animals (Drug ex- 
periments). 

Isoprenaline (100 n mol/g) and sympathetic nerve 
stimulation 90 min but not salbutamol (100 n mol/g) 
or oxymetazoline (50 n mol/g) significantly increased 
growth. Isoprenaline, salbutamol and both 
sympathetic and parasympathetic nerve stimulation 
for 90 min evoked secretion. Parasympathetic nerve 
stimulation produced the highest volume (190+ 34 yl 
n= 3), salbutamol the lowest (15 + 1 pl m=3) over 90 
minutes. Isoprenaline, sympathetic nerve stimulation 
and salbutamol, unlike parasympathetic nerve 
stimulation produced an amylase-rich secretion. 
Isoprenaline and sympathetic nerve stimulation, but 
neither salbutamol nor parasympathetic nerve 
stimulation depleted protein and amylase levels by 
approximately 80% and 50% respectively after 90 
minutes. 

Only treatments which activate §,-adrenoceptors 
(isoprenaline and sympathetic nerve stimulation) en- 
hanced growth. Salbutamol mainly a 8, agonist, oxy- 
metazoline, an a agonist and parasympathetic nerve 
stimulation were ineffective. A similar picture emerges 
when the ability to deplete protein and amylase is 


considered. These results suggest that, (a) the 
mechanism responsible for catecholamine induced 
growth operates via a -adrenoceptor and (b) only 
those treatments depleting residual secretory material 
cause a significant increase in the rate of gland growth. 


DT is an MRC scholar and ADC a Carnegie scholar. The 
support of the Wood Boyd Fund of Glasgow University is 
gratefully acknowledged. 
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Studies on the marked antihypertensive 
properties of indapamide (SE 1520) 
in rats and cats 


L. FINCH & P.E. HICKS 


School of Studies in Pharmacology, University of 
Bradford, Bradford, BD7 1DP 


SE 1520 (Indapamide, N-3-sulphamoyl-4-chloro- 
benzamide}-2-methyl-indoline) has been reported to be 
active in the treatment of mild. to moderate 
hypertension (Seedat & Reddy, 1974; Whately & 
Heraty, 1976). The mode of action of SE 1520 as an 
antihypertensive agent was, therefore, studied in 
experimental hypertensive cats and rats. 

In conscious renal hypertensive cats (Finch, 1975), 
SE 1520 (2x 10 mg orally) produced a moderate fall 
in blood pressure without any accompanying change 
in the resting heart rate. In conscious DOCA/NaCl 
_ hypertensive rats (n=4), SE 1520 (2x 10 mg/kg 
orally) produced a marked fall in the mean blood 
pressure for a period of 24h when measured from 
cannulae implanted directly in the aortic arch (Finch, 
Hersom & Hicks, 1975). SE 1520 (10 mg/kg orally for 
10 days) and hydrochlorothiazide (5 mg/kg i.p. for 10 


days) also produced a marked hypotensive effect in the 
DOCA/NaC] hypertensive rats, when measured by the 
tail/cuff method. 

In pithed rat preparations (n= 8) pretreatment with 
SE 1520 (10x 10 mg/kg orally) markedly reduced the 
pressor responses to noradrenaline, tyramine and 
stimulation of the entire sympathetic outflow (Gillespie 
& Muir, 1967), whilst pretreatment with hydro- 
chlorothiazide (10 x 5 mg/kg i.p.) did not alter the 
cardiovascular reactivity of the pithed rat preparation. 
However, in both the isolated portal vein preparation 
and the Krebs perfused mesenteric artery preparation 
from rats pretreated with SE 1520 (10x 10 mg/kg 
orally) the responses to noradrenaline were similar to 
those obtained using untreated rats. 

In conclusion, SE 1520 exerts an antihypertensive 
action in experimental hypertensive animals and after 
a 10 day pretreatment also markedly reduced the 
cardiovascular reactivity to various pressor agents. 
Since no changes in cardiovascular reactivity could 
be observed after similar pretreatment with 
hydrochlorothiazide, SE 1520 may have a novel mode 
of action as an antihypertensive agent. 


SE 1520 (Natrilix®) was donated by Servier Laboratories, 
Greenford, Middlesex. 
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Effect of endogenous metabolites on 
the binding of o-methyl red to human 
serum albumin 


C.J. BOWMER & W.E. LINDUP 


Department of Pharmacology & Therapeutics, University 
of Liverpool, P.O. Box 147, Liverpool, L69 3BX 


The binding of several acidic drugs and dyes to the 
plasma proteins of patients with renal insufficiency is 
decreased (Reidenberg & Affrime, 1973), and the dye 


.o-methyl red, for example, shows a typical decrease 


(Breyer & Radcliff, 1954; Campion, 1973). Campion 


(1973) investigated the effect of adding some 
hydrophilic metabolites known to accumulate in 
uraemia on the binding of o-methy] red to normal 
serum and found a slight but non-significant decrease 
in binding. However, Odar-Cederl6f (1975) found 
evidence that retained uraemic metabolites may be 
responsible for the inhibition of binding of warfarin. 
We have therefore used equilibrium dialysis to 
investigate the effect of some endogenous metabolites, 
which accumulate in uraemia, on the binding of o- 
methyl red to human serum albumin (HSA) in vitro. 

Hydrophilic metabolites were added to the albumin- 
dye solution 20 min prior to dialysis and fatty acids 
were added by the method of Spector & Hoak (1969). 


Table 1 Effect of endogenous metabolites on the binding of o-methyi red to human serum albumin. 
Equilibrium dlalysis at 37°C was carried out with o-methy! red (1.33 x 10-4 M) and HSA (1.45 x 10°* M)in 0.1 M 


phosphate buffer pH 7.4 


Total 

concentration 
Metabolite (mm} 
Indoxyl sulphate 0 

0.1 -— 1.0 
Uric acid 0 

0.18 — 0.54 
Phenol O 

0.053-— 0.27 
Urea oO 

4.2 —~16.7 
Creatinine 0 

0.18 — 1.1 
Lauric acid 0 

0.12 — 0.64 
Myristle acid 0 

0.07 — 0.39 
*P<0.005 


Percentage increase 
Unbound dye {D } in D relative 
(36) to control 


16.2 (+1.2)t 
*17.7 (+0.8)—31.5 (41.5) 16-~-107 


15.8 (+0.2) 
16.1 (+0.5)-— 15.8 (+0.1) — 


15.6 (40.3) 
15.6 (+0.3)— 16.0 (+0.5) = 


15.4 (+0.3) 
15.0 (+0.2)—~ 15.6 (+0.5} = 


15.0 (+0.4) 
14.9 (+0.7)— 14.5 (40.3) — 


15.6 (+0.5) 
*18.6 (+0.4) 54.8 (+0.7) 19-251 


15.4 (+0.6) 
*16.0 (+0.3)—37.9 (+0.6) 4—146 


t Each result is the mean (+ s.d.) of five or more experiments 
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The fatty acid content of the solution was determined 
by gas chromatography. Each metabolite was studied 
over a range of albumin : metabolite ratios and control 
dialysis experiments were included for each study. 
Unbound o-methyl red in the diffusate was determined 
spectrophotometrically. 

Table 1 summarises some of the results and shows 
that only one of the hydrophilic metabolites, indoxy! 
sulphate, produced a significant increase in the 
percentage of unbound o-methyl red. 

A further nine hydrophilic metabolites had no 
effect. However, lauric acid and myristic acid both 
caused a marked increase in unbound dye concentra- 


tion (Table 1). Renal insufficiency is accompanied by | 


disorders of blood lipids (Cramp, Moorhead & Wills, 
1975) and so lipophilic metabolites such as the fatty 
acids may be implicated in the decreased drug binding 
which occurs in uraemia. Preliminary spectroscopic 
investigations indicate that fatty acids inhibit the 
binding of o-methy! red to HSA by a mechanism 
different from that of indoxy] sulphate. 


C.J.B. ig an M.R.C. Scholar. 
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In vivo absorption studies with paraquat 
and diquat in the dog 
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Paraquat (1,1'-dimethyl-4,4'-bipyridilium) and diquat 
(1,1’-ethylene-2,2'-bipyridilium) are non-selective 
herbicides with a similar mode of action (Calderbank, 
1964). Paraquat produces lung damage in man and in 
several species of laboratory animals, probably due to 
an energy-dependent accumulation of paraquat by the 
lung (Rose, Smith & Wyatt, 1974), whereas diquat is 
not actively accumulated by lung slices and is less 
toxic to the lung in vivo. 

After i.v. administration of tracer doses of ['4C]- 
paraquat (30—50 pg/kg) to Greyhound dogs the 
plasma concentration-time curve fitted a tri- 
exponential decline, defined by the equation: 

C m Aet +p Êt cat 

and the kinetics could be characterized on the basis of 
a three-compartment open linear system. Assuming 
that elimination occurs only from compartment 1, A, 
B, B, C, a, B, and can be used to calculate the rate of 
constants of transfer between compartments 
(Rescigno & Segre, 1966). Employing the equations of 
Loo & Riegelman (1968) these rate constants can be 
used to calculate the amount of paraquat absorbed at 
any given time. : 

In fasting dogs the absorption of low doses of 
paraquat, administered in 200 ml water, was rapid but 


incomplete, reaching a peak plasma concentration 
75 min after dosing. Oral administration of 120 pg/kg 
resulted in 46—66% absorption of paraquat in 6h, 
whereas at doses of 2 mg/kg and 5 mg/kg, 22—38% 
and 25--28% respectively were absorbed. 70—90% of 
the paraquat absorbed, caluclated according to the 
Loo Riegelman equations, was excreted in the urine in 
6h and is consistent with the proportion recovered in 
the urine following iv. administration. Diquat 


(12 pg/kg) was only 10-20% absorbed in 6h and did 


not produce an early plasma peak. Administration of 
propantheline (15 mg iv.) 15 min before an oral dose 
of paraquat altered the plasma concentration-time 
curve markedly, delaying the peak concentration by 
3h to 6h, indicating that the stomach is not a major 
site of paraquat absorption. 

The dose dependent absorption of paraquat in the 
dog suggests facilitated absorption, probably in the 
small intestine, whereas the absorption of diquat may 
occur solely by passive diffusion. 
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Change in sensitivity to halothane in 
the rat following administration of 
sodium barbitone in the drinking water 


M.J. TURNBULL’ & J.W. WATKINS 


Department of Pharmacology, University of Dundee, 
Dundee, Scotland. 


We have measured the duration of halothane-induced 
anaesthesia at intervals during a four week period of 
administration of sodium barbitone and also after its 
subsequent withdrawal using the method we have 
previously described (Turnbull & Watkins, 1975a). 
Groups of eight female Wistar rats, weighing approx- 
imately 130 g at the beginning of the experiment, were 
used and the sodium barbitone was administered in 
increasing concentration in the drinking water (which 
also contained saccharin 125 mg/l) over the period of 
four weeks. The concentration of barbitone was such 
that the daily dose increased from approximately 
100 mg/kg during the first week to approximately 
400 mg/kg during the fourth week. The intended and 
actual barbitone intakes are compared in Figure 1. 
Drug withdrawal was effected by substituting 
saccharin solution for barbitone solution at the end of 
the fourth week. Control rats received saccharin 
solution throughout. Halothane-induced sleeping time 
was measured in treated and control rats at 2—3 day 


! Present address: LC.1. Ltd., Alderley Park, Macclesfield. 






intervals during the period of drug administration and 
at more frequent intervals after drug withdrawal. 

Compared with control animals, the sensitivity to 
halothane was found to decrease during each of the 
first three weeks of barbitone administration 
(Figure 1). Thus, the sleeping time was significantly 
prolonged when measured on the first occasion each 
week (days 2, 8 and 15) but by the end of each week 
(days 7, 14 and 21) the difference between treated and 
control groups was no longer statistically significant. 
However, during the fourth week, no such decrease in 
sensitivity was found, perhaps due to drug cumulation. 

Following barbitone withdrawal, a significant 
decrease in sensitivity to halothane, indicative of an 
increased excitability of the central nervous system, 
rapidly developed and lasted for approximately 72 
hours. This was followed by a period of hypersen- 
sitivity to halothane, but by the sixth day of 
withdrawal the sensitivity to halothane had returned to 
control values. 

Thus the pattern of change in sensitivity to 
halothane following drug withdrawal after a four week 
period of barbitone administration is remarkably 
similar to that which we have reported to occcur 
following repeated injections of pentobarbitone for 
only 10 h (Turnbull & Watkins, 1975b). This suggests 
that the results obtained with our acute (10h) 
experimental model may be predictive of the changes 
in central nervous system excitability likely to occur 
on chronic drug administration. 
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Effect of chronic barbitone administration and withdrawal on the sensitivity to halothane in the rat. 
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Effect of some receptor antagonists 
on fenfluramine-induced glucose 
uptake into the isolated rat 
hemidiaphragm 


MARILYN J. KIRBY & P. TURNER 
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We have shown (Kirby, 1974; Kirby & Turner, 
1975a,b) that the antiobesity drug fenfluramine in 
therapeutic concentrations causes a significant and 


nervous system excitability. Br. J. Pharmac., 55, 307P. 

TURNBULL, MJ. & WATKINS, J.W. (1975b). Further 
observations on the change in sensitivity to halothane 
induced by acute administration of central nervous 
sytem depressant drugs in the rat. Br. J. Pharmac., 55, 
266P. 


haloperidol, mepyramine, methysergide, propranolol 
and thymoxamine) on this phenomenon. The results 
(Table 1) show that only the 5-HT antagonist, 
methysergide, blocked the action of fenfluramine and 
that this effect was dose related occurring with 
relatively low concentrations. 10ng/ml caused 
approximately 40% inhibition, the maximal response 
from earlier work being + 2.4 +0.60 mg of glucose/g 
wet weight of tissue in 90 min (Kirby & Turner, 
1975b). 

The results are in agreement with earlier work, in 
which methysergide was shown to block fenfluramine- 
induced contractions of human isolated saphenous 


Table 1 Effect of antagonist on fenfluramine-induced glucose uptake into the rat hemidlaphragm 





Change with antagonist when compared with: 


Concen- {a} Insulin* [b} Insulin + fenfluramine* 
tration 

Antagonist (ng/ml) Response Response 
Methysergide 250 — 0.18 +0.46 — 1.90 +0.19** 

50 ~~ — 1.98 +0.45* 

10 — —0.87 +0,13* 

2 ae 0.15+0.12 

Atropine 250 —0.13+0.46 —0.05 +0.21 
Haloperidol 250 -0.77 +0.45 —0.17 +0.17 
Mepyramine 250 +0.12 +0.28 +0.12 +0.17 
Propranolol 250 -0.58 +0.46 —0.18 +0.34 
Thymoxamine 250 -0.18 +0.24 +0.30 + 0.50 


* Change expressed as mg of glucose taken up/g wet weight of tissue in 90 min + s.e. mean, insulin concentra- 
tion 100 pu/mi, fenfluramine concentration 100 ng/mi, n=6 for all groups. 


*P<0.01; **P < 0.001 using palred t-test. 


dose related increase in glucose uptake into isolated 
rat and human skeletal muscle in,the presence of 
insulin, 

Using the rat hemidiaphragm preparation and 
fenfluramine (100 ng/ml), we have investigated the 
effect of a series of receptor blocking drugs (atropine, 


vein (Kirby & Turner, 1971) and also with the 
evidence that the central effects of fenfluramine are 
mediated via 5-HT mechanisms (Garattini, Bizzi, de 
Gaetano, Jori & Samanin, 1975). 


M.J.K. is a recipient of the Williams Fellowship for Medical 
and Scientific Research, London University. 
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Some effects of D600, nifedipine and 
sodium nitroprusside on electrical 
and mechanical activity in rat 
portal vein 


M. JETLEY & A.H. WESTON 


Department of Pharmacology Materia Medica and 
Therapeutics, The Medical School, Manchester, 
M13 SPT. 


In rat portal vein it has been proposed that contraction 
is associated with the release of superficially-bound 
Ca?+ and that this release is triggered by extracellular 
Ca?+ (Sigurdsson, Uvelius & Johansson, 1975). In the 
present experiments the effects of the so called calcium 
antagonist D600 [methoxyverapamil; 5-methyi-4- 
cyan-4-(3,4,5-trimethoxypheny]) 1-N-methyl-N-f-3,4- 
dimethoxy-phenylethyl}aminohexane hydrochloride; 
Knoll], nifedipine [4-(2'-nitrophenyl)}-2,-6-dimethyl- 
3,5-dicarbomethoxy-1,4-dihydropyridine; BAY a 
1040, Bayer] and sodium nitroprusside on the 
electrical and mechanical activity of rat portal vein 
have been examined. 

In normal physiological salt solution (PSS, 
containing 25 mM bicarbonate buffer, bubbled with 
95%0,/59%CO.,) both D600 (0.01—l1 uM) and 
nifedipine (0.001—0.1 uM) shifted the noradrenaline 
dose-response curve to the right with a reduction in 
the maximum response. Sodium nitroprusside 
(0.1-10 mM) had no significant effect. Using a 
modified PSS (containing 10mm MOPS [34N- 
morpholino) propanesulphonic acid; Calbiochem] 
buffer, bubbled with 100% O.), the inhibitory effects 
of both D600 and nifedipine were antagonized by 
increasing the calcium concentration in the PSS (up to 
80 mM). 

The effects of the calcium antagonists on the 
mechanical and extracellularly-recorded electrical 
activity evoked by noradrenaline (1 yM; approximately 
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an ED% were studied using a perfused capillary 
similar to that described by Golenhofen & v. Loh 
(1970). A Grass polygraph was used and the electrical 
and mechanical records were mathematically 
integrated to provide a quantitative measurement of 
drug responses. Sodium nitroprusside (0.1—10 uM) 
had no significant effect. D600 (0.01—-1 uM) and 
nifedipine (0.001—0.1 uM) both reduced the 
mechanical activity evoked by noradrenaline (1 uM) to 
the same extent as observed in the tissue bath 
experiments. However, neither agent produced a 
reduction in electrical activity comparable with this 
reduction in mechanical activity. The degree of this 
electro-mechanical uncoupling was greater in the 
presence of nifedipine than in the presence of D600. 
When the electrical and mechanical responses 
produced by noradrenaline (1 yM) were examined in the 
presence of phentolamine (0.01—0.32 uM), both were 
similarly reduced. Higher concentrations of D600 
(10 uM) and of nifedipine (1 uM) produced greater 
inhibition of spontaneous and noradrenaline-evoked 
electrical activity. 

These results suggest that low-moderate con- 
centrations of D600 and nifedipine prevent extra- 
cellular Ca?+ from triggering the release of Ca?t from 
superficially-bound calcium stores. Higher con- 
centrations, which reduce electrical activity to a 
greater extent are also able to antagonize 
transmembrane calcium flux. The inability of sodium 
nitroprusside to antagonize the phasic mechanical 
activity in rat portal vein is consistent with the work of 
Kreye, Baron, Lith & Schmidt-Gayk (1975). These 
workers showed that sodium nitroprusside was most 
effective in antagonizing tonic mechanical responses in 
tissues where contraction was associated with a pool 
of calcium relatively independent of extracellular 
Ca**, 


Generous gifts of D600 (Knol!) and nifedipine (Bayer) are 
gratefully acknowledged. 
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A simple jn vitro preparation of 
mammalian tissue exhibiting properties 
of slow tonic skeletal muscle 


M. MAUREEN DALE & 
R. MUID 


Department of Pharmacology, University College, 
London, Gower Street, London, WCTE 687. 


Guinea-pig cremaster muscle can be set up as an 
isolated preparation (Ninomiya, 1975; Dale, Evine & 
Vine, 1976). It gives dose-related contractures with 
acetylcholine which, on the basis of the affinity 
constants obtained with (+)-tubocurarine and atropine, 
involve nicotinic not muscarinic receptors (Dale et al., 
1976). Set up as a simple nerve-muscle preparation, 


with isometric recording, the muscle manifested ` 


twitches to single supra-maximal stimuli. Repetitive 
stimulation at 20 Hz resulted in fused tetanus, but 
maximum tension (40 G) only developed above 60 Hz. 
The ratio of twitch tension to maximum tetanic 





a 16x10°mM 


(1970). 





GAYK, H. (1975). Mode of action of sodium nitro- 
presside on vascular smooth muscle. Naunyn- 
Schmiedeberg’s Arch. Pharmacol., 288, 381—402. 
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Relative contribution of superficially bound and ex- 
tracellular calcium to activation of contraction in isolated 
rat portal vein. Acta physiol. scand., 95, 263—269. 


tension was approximately 0.1. The muscle was 
singularly resistant to fatigue, tetanic contraction at 
20 Hz being maintained up to 10 minutes. 

KCl (0.1 M) produced a sustained increase in 
tension, and depolarizing neuromuscular blocking 
agents (10-5 x 10-5 M) evoked slow, dose-related 
contractures, up to 70% of the maximum response to 
KCI. When added during repetitive nerve stimulation, 
succinylcholine, at low concentrations, produced a 
sustained increase in tension but, initially, no 
inhibition of twitch; total neuromuscular block 
involving both twitch and tension increase, occurred 
at 4 x 10-5 M. (Figure 1). 

Tetrodotoxin (10~’ M) modified the dose-response 
curve to acetylcholine and succinylcholine, but 
substantial responses to these agents could still be 
obtained. On the nerve-muscle preparation, 
tetrodotoxin eliminated the twitch leaving the tension 
increase virtually unaltered. With tubocurarine it 
could be shown that these tetrodotoxin-resistant 
responses involved nicotinic not muscarinic receptors. 
It thus appears that the tissue contains skeletal muscle 


| 
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l 
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Figure 1 The response of the guinea-pig cremaster nerve/muscle preparation to succinyicholine. Bathing 
fluid: oxygenated Krebs-Henseleit solution at 32°C. Isometric recording with a Pye-Ether UFI transducer and 
George Washington Osciliograph 400 MD/2. Stimulation, using a Grass SD5 stimulator: 4 V, 0.2 Hz, 0.1 ms 
pulse duration. 
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fibres which do not require a propagated action 
potential for contraction. - 

These responses resemble those of mammalian 
extra-ocular muscles (Bach-y-Rita & Ito, 1966; 
Browne, 1976) and show some similarity to frog 
rectus and to avian muscle (Ginsborg, 1960) — all of 
which contain slow tonic skeletal muscle. 

Preliminary histochemical studies of cholinesterase 
in cremaster muscle suggest that some fibres have 
innervation different from the typical ‘en plaque’ end- 
plates found in focally-innervated muscle. 

Rigorous proof of the existence of a type of slow 
tonic muscle in the cremaster requires electro- 
physiological and electronmicroscopic studies. But the 
responses described above suggest fairly strongly that 
fibres of this type are present. 
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Fitting a general sigmoid model to 
pharmacological response curves 


A. DAVEY, A. MARRIOTT & 
M.A. STOCKHAM 


Allen and Hanburys Research Limited, Ware, Hertford- 
shire. 


In order to evaluate potency and drug activity it is 
necessary to quantify the relationship between the 
response and the dose. However, in some sets of data 
problems arise in a log-dose transformation and some 


, of the data may have to be omitted. 
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Many attempts have been made to derive models 
from pharmacological principals (Ariens, 1954; 
Clark, 1937; Paton, 1961; Stephenson, 1956) but the 
most successful involve a function that can only be 
determined empirically, i.e. the efficacy. 

Parker & Waud (1971) used the logistic curve 
2 l 

l + A exp (—bxX)’ 
showing that it could be rearranged to give: 

xB 
R(X) = M-p y5 (1) 


Equation (1) has some of the required characteristics 
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Figure 1 Parallel sigmoid curves. 
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and potentially a number of pharmacological 
parameters could be represented. 

We have modified the logistic curve to a more 
general form in order to define the parameters in terms 
of a number of useful practical pharmacological 
entities: 

A + DX? 


R(X) = 
m | + CXB 


(2) 


This curve has the right characteristics, namely 
sigmoid shape. Two theoretical dose-response curves 
are shown in Figure 1 for drugs working by a similar 
mechanism but of different potency. 

For the two response curves to be parallel they 
must both have the same asymptotic value and the 
same value of B. The asymptotic value of R(X) 
indicates the maximum achievable response and is 
where 


R(X) = R(=) = =. 


The control response is where R(X)=R(O)=A. 


o 


is the ED,, and if B is the same value for the two 


curves the relative potency RB is 


1/B 
( z 
Cz 
Examples are shown for data having a Poisson 
distribution (from the acetylcholine writhing test), to 
data having a negative-exponential distribution (from 
the Roto-rod test), and for estimating potency of 


inhibitors of histamine release where the data was 
intractable by ordinary methods. 
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A postsynaptic action of prostaglandin 
E, on sympathetic responses in 
guinea-pig ileum 


G.J. SANGER & A.J. WATT 
Department of Physiology, University of Manchester 


Prostaglandins inhibit the response of many tissues to 
sympathetic stimulation. It is now well established that 
one possible mechanism involved is a reduction of 
transmitter release (Hedqvist, 1969), but a 
postsynaptic action may sometimes also play a part 
(Clegg, 1966). 

We have investigated the actions of prostaglandin 
E, on the responses of isolated guinea-pig ileum to 
stimulation of the perivascular nerves. The ileum was 
stimulated transmurally with just maximal stimuli at a 
frequency of 0.1 Hz. The perivascular nerve was 
stimulated with 8 s trains at a frequency of 1—32 Hz, 
immediately before each coaxial pulse (Watt, 1971). 
The frequency of perivascular stimulation required to 
produce a 50% inhibition of the coaxial twitch was 
increased by a factor of 1.5+0.15 (mean s.e. mean 
n= 10 P<0.005) in the presence of prostaglandin E, 


(57 nM). In similar experiments in which the coaxial 
twitch was inhibited by exogenous noradrenaline, pro- 
staglandin E, (28nM) increased the dose of 
noradrenaline necessary to produce a 50% inhibition 
by a factor of 2.3+0.4; n=8 (P < 0.003). 

The effects of perivascular stimulation and of 
noradrenaline were also compared before and after 
treatment with indomethacin (7 uM). The frequency of 
perivascular stimulation then required to inhibit the 
coaxial twitch by 50% was 0.5+0.2 of the frequency 
required to produce an equal inhibition of the 
untreated preparation. This effect of indomethacin 
was Significant (P < 0.015). 

Indomethacin also significantly reduced the con- 
centration of noradrenaline necessary to inhibit the 
coaxial twitch by 50%; the concentration required 
being 0.34+0.1 as great as that required in the 
untreated preparation (P<0.0002). The results 
obtained with noradrenaline indicate that in the 
isolated guinea-pig ileum prostaglandin E,, as well as 
any presynaptic action, has a postsynaptic action. The 
relatively greater effects both of prostaglandin E, and 
of indomethacin on the responses to noradrenaline 
than on the responses to perivascular stimulation, 
suggest an action of prostaglandin on adrenoreceptors 


- 
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which are not accessible to neurally released 
noradrenaline. One site for this action may be the £- 
adrenoceptors situated on the longitudinal muscle 
(Kosterlitz & Watt, 1965). Most of the sympathetic 
fibres terminate in Auerbach’s plexus (Norberg, 1964) 


- and the response to perivascular stimulation is hardly 


affected by -adrenoceptor antagonists (Watt, 1971). 

Possible explanations for the greater part of the 
postsynaptic action of prostaglandin are potentiation 
of the response to acetylcholine (Harry, 1968, 
Kadlec, Masek & Seferna, 1974) or an increase in the 
acetylcholine released from the Auerbach’s plexus. 
However, in our experiments the response of guinea- 
pig ileum to acetylcholine was not affected by 
indomethacin (744M) confirming the findings of 
Bennett, Eley & Stockley (1975) and indicating that 
the effects observed in the presence of indomethacin 
were not due to inhibition of the response to 
acetylcholine. 


G.J.S. is a Science Research Council scholar. 


The effect of subcutaneous injections 
of adrenaline on platelet MAO activity 


R.C. BOURNE, C.D. FRITH, F. OWEN & G.J. 
RILEY (introduced by T.J. CROW) 


Division of Psychiatry, The Clinical Research Centre, 
Harrow. 


Gentil, Greenwood & Lader (1975) have recently 
reported large increases in platelet monoamine oxidase 


Table 1 
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(MAO) activity following the subcutaneous injection 
of adrenaline and suggested that “stress” might 
produce rapid changes in the activity of the enzyme. 
In view of the relevance of this finding to the 
conflicting reports of a reduction of platelet MAO 
activity in schizophrenia (Murphy & Wyatt, 1972; 
Meltzer & Stahl, 1974; Shaskan & Becker, 1975; 
Bailey, Crow, Johnstone & Owen, 1975) we have 
attempted to verify the observations of Gentil and his 
colleagues and to improve the experimental design by 
(a) more frequent blood samples using an in-dwelling 


The effect of adrenaline and placebo on platelet MAO activity 


$$ Kr aana 


Injection received 


Benzylamine 7 
concentration Sample Placebo (n= 6) Adrenaline (n=6) t 
1 mM Pre-injection 27.8+2.7 33.2+6.3 — 
1 mMM +20 min 27.7 +43.9 37.345.9 4.61T 
1 mM +40 min 31.0+4.8 33.5+5.6 0.32 
1 mM +60 min 29.4+4.3 33.7+6.4 0.21 
1 mMM +80 min 29.8 +44.3 35.1 6.6 0.11 
2.1 x 1075M Pre-injection 1.70 +0.30 1.82 +0.44 — 
2.1x 10-8 m +20 min 1.82 +0.26 2.08 + 0.37 1.93 
Age (yrs) 28.2+5.6 27.5+3.0 0.25 


* T values refer to a comparison between pre- and post-injection samples of subjects receiving adrenaline 


only. t P < 0.05. 


Results, mean + s.d. expressed as nmoles product formed per mg protein 30 min-". 
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catheter, (b) determination of platelet counts on all 
samples and (c) the inclusion of a group receiving 
placebo. 

Twelve male volunteers received subcutaneous 
injections of either water or adrenaline tartrate 
(1: 1000 solution, 1 mi/70 kg body weight). Blood 
samples (20 ml) were collected into a citric acid-sodium 
citrate-dextrose buffer (ACD; 5 ml) for platelet MAO 
assay and 5 ml into disodium ethylenediamine 
tetraacetate (EDTA) for platelet count determination. 
Samples were taken, from an indwelling catheter in the 
ante-cubital vein, immediately prior to injection and at 
20, 40, 60 and 80 min post-injection. Platelet MAO 
activity was assayed by the method of Robinson, 
Lovenberg, Keiser & Sjoerdsma (1968) with 
benzylamine as substrate at a concentration of 1 M for 
all samples, and at the much lower concentration of 
2.1 x 10-°M used by Gentil et al. (1975) for the first 
two samples only. Platelet counts were determined with 
a Technicon Autocounter. The results of the platelet 
MAO assays are presented in Table 1. 

There was a small but significant increase (P < 0.05, 
paired ‘1’ test) in platelet MAO activity of the group 
receiving adrenaline in the 20min post-injection 
samples only, with benzylamine as substrate at 1 mM 
concentration. There was a small but not significant 
increase in the activity of platelet MAO, in both 
groups of subjects, with benzylamine at a concentra- 
tion of 2.1 x 1075 M. Platelet counts were significantly 
increased in the 20 min (P < 0.001) 40 min (P< 0.05) 
and 60 min (P<0.05) only in the group receiving 
adrenaline. As suggested by Gentil ef al. 
(1975) the efflux of a different population of 


Role of lymphocytes in accumulation 
of fibrin in rabbit skin 
homografts 


CATHERINE S. BACH & 
M.K. JASANI 


Horsham Research Centre, CIBA Laboratories, Horsham, 
West Sussex, RH12 4AB. 


Indomethacin-like drugs relieve joint pain and stiffness 
in rheumatoid arthritis but do not reduce the swelling. 
Further insight into this problem has been obtained by 
investigating the mechanisms influencing the fibrin 
content of homografts, as suggested by Jasani, Lewis 


& Tweed (1974). oo 
Fibrin accumulation was studied by administering 


iodinated '*5I-labelled human fibrinogen (100 pCi in 
1 ml water, i.v.) to New Zealand White rabbits bearing 


platelets from the spleen may account for the increase 
in platelet MAO activity observed in the 20 min post- 
injection samples. 

We were unable, therefore, to fully confirm the 
findings of Gentil and his co-workers. The small 
changes in platelet MAO activity attributable to 
‘stress’, at least in as far as it is mimicked by injections 
of adrenaline seem unlikely to have an important 
bearing on the current controversy over the activity of 
the enzyme in schizophrenia. 
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six homografts (from Norfolk donors) of the right hind 
limb and an equal number of autografts on the left leg. 
One homograft and its corresponding autograft were 
removed daily from day four. '¥J-labelled fibrinogen 
was given on day five and a blood sample taken daily 
thereafter. Grafts were kept frozen (—20°C), 
homogenized (Jasani, 1973) and the water-insoluble 
radioactivity determined and expressed as a fraction 
of blood radioactivity according to Colvin & Dvorak 
(1975), thus minimizing inter-animal variations. 

Figure ia shows that the insoluble '*I-labelled 
fibrinogen content, although similar at first in both 
types of graft, began to increase significantly in the 
homografts following the appearance of cyanosis. 
determined and expressed as a fraction of blood 
radioactivity according to Colvin & Dvorak (1975), 
thus minimizing inter-animal variations. 

Figure la shows that the insoluble !*I-fibrinogen 
content, although similar at first in both types of graft, 
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Relationship between fibrin accumulation and the entry of circulating sensitized lymphocytes {SLs} 


as judged by the appearance of cyanosis in rabbit skin homografts. 
Water insoluble '**|-fabelled fibrinogen In (a) homografts (4) and autografts (O) and (b) control and 
cyclophosphamide (750 mg/animal) treated homografts. Full squares (M) denote that the homografts are 


cyanosed. Results ara meants.e. for three experiments. 


began to increase significantly in the homografts 
following the appearance of cyanosis. 

As cyanosis is initiated by the entry of circulating 
sensitized lymphocytes (Jasani, 1975), it is suggested 
that some factor released from these cells is 
responsible for the accumulation of fibrin in the 
homografts. This view is strengthened by the results of 
Figure Ib which show that the immunosuppressive 
agent cyclophosphamide, known to delay the 
development of circulating sensitized lymphocytes and 
swelling, prevented the insolubie fibrinogen content of 
homografts from increasing above the values found in 
the autografts, as long as cyanosis did not appear. 

As a working hypothesis, failure of indomethacin- 
like drugs to arrest rheumatoid swelling may now be 
viewed as reflecting their inability to prevent the entry 
of circulating sensitized lymphocytes into the joint. 
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Accumulation of biogenic amines by 
rabbit erythrocytes 


A.G.H. BLAKELEY & C.J.M. NICOL" 


Department of Pharmacology, The University, Glasgow, 
G12 802. 


Adrenaline and noradrenaline (NA) enter cat and 
human erythrocytes during incubation at 37°C in 
vitro (Bain, Gaunt & Suffolk, 1937; Bain & Batty, 
1956). Shanker, Nafplictis & Johnson (1961) 
concluded that the entry of catecholamines and 5- 
hydroxytryptamine (5-HT) was by simple diffusion. 
Danon & Sapira (1972), disagreeing, proposed an 
active transport. 

Blood was obtained from anaesthetized Dutch 
rabbits treated with heparin (1000 iu./kg i.v.) An 
erythrocyte suspension in Krebs bicarbonate saline 
‘was prepared after removal of the white cells, platelets 
and plasma proteins by combined filtration through 
glass-wool and saline washes. 

Samples of the erythrocyte suspension were 
incubated at 0°C or 37°C with [?H]- or [!4C]-labelled 
NA, 5-HT or tyramine. The samples were then rapidly 
cooled in an ice-bath, spun (3100 g for 15 min) and 
the amount of radioactivity in the supernatant and 
packed erythrocyte layers determined by liquid 
scintillation counting. The activity in the red cells was 
calculated after correction for radioactivity trapped 
extracellularly. 

Paper chromatography showed that only NA was 
broken down during incubation and that this was due 
to intracellular metabolism by catechol-O- 
methyltransferase. This breakdown was measured by 
column chromatography (Dubocovich & Langer, 
1973). 

At 37°C (—)-NA (lyg/ml) entered the 
erythrocytes slowly and reached, after 4h, a 
cell/medium concentration ratio of 2.13 + 0.05 (s.e. of 
mean, n= 12). 5-HT entered faster, reaching a ratio of 
2.75 +0.05 (n= 19) in 30 minutes. Tyramine achieved 
a ratio of 1.64+0.03 (n= 6) within 5 minutes. Cooling 


1 Present address: Dept. of Physiology, University of St. 
Andrews. 


to 0°C completely inhibited the entry of (—)-NA and 
5-HT but had no effect on tyramine entry. 

NA entry was stereoselective; the (—) isomer 
entering twice as fast as the (+) isomer. 

(—}+NA entry obeyed Michaelis-Menten kinetics. 
The Km and Vmax were respectively 6.6 x 10-3M and 
3.5x 1077 mol min~! ml RBC—!, (+)-NA and 5-HT 
also entered by saturable processes, The Km and Vmax 
for (+)-NA were 11.3x 10-3M and 3.6 x 1077 mol 
min“! ml RBC}, respectively and for 5-HT were 
5.6x 10M and 2.1x10-*mol min? mi RBC}, 
respectively. Tyramine entry did not saturate. 

5-HT and (—}NA, when presented simultaneously 
to the erythrocytes, competed for entry. In the 
presence of 5-HT the K,, for (—)-NA entry was 
significantly (P<0.01) increased to 10.5 x 10-3M, 
while the Vmax, 3.5 x 1077 mol min“! ml RBC—! was 
unaffected. 

The amines were apparently concentrated in the 
cells. This was a result of binding to haemoglobin and 
a Donnan equilibrium across the membrane. 

NA and 5-HT were therefore crossing the 
erythrocyte membrane by a process of carrier- 
mediated diffusion. Tyramine entered these cells 
apparently by simple diffusion. 


This work was supported by the Rankin Medical Research 
Fund. CJMN was an MRC scholar. 
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Effect of p-bromophenacyl bromide, 

an inhibitor of phospholipase A,, on 

aa prostaglandin production by the 
guinea-pig uterus 


SHEILA M. MITCHELL, N.L. POYSER & N.H. 
WILSON 


Department of Pharmacology, University of Edinburgh 
Medical School, 1 George Square, Edinburgh, EH8 9JZ, 
Scotland. 


Membrane phospholipids are a probable source of 
arachidonic acid for prostaglandin synthesis, though 
this has still to be proven. Phospholipase A, (PLA,) 
cleaves unsaturated fatty acids from phospholipids, so 
its inhibition should prevent prostaglandin production 
by tissues if phospholipids are involved. Para- 
bromophenacyl bromide (p-BPAB), an inhibitor of 
5 porcine pancreatic PLA, (Volwerk, Pieterson & de 
h . Haas, 1974) may be useful in studying arachidonic 
acid release from and prostaglandin synthesis by 
tissues. Its effect of these parameters has been 
examined in vitro on the guinea-pig uterus, a tissue 
which synthesizes predominantly prostaglandin Fq 
(PGF2,) from endogenous precursors when 
homogenized and incubated in vitro (Poyser, 1972). 
Uteri from guinea-pigs in dioestrus were 
homogenized in 15 ml Krebs solution and incubated 
for 90 min in the absence or presence of a known con- 
centration of p-BPAB. Each uterus was so divided so 
as to act as its own control. PGF2, synthesis was 
inhibited, but not completely, by p-BPAB (Table 1). A 
re-direction of synthesis towards PGE, did not occur 
as its synthesis was also inhibited (63.0 + 4.3%; n=5) 
by p-BPAB (100yg/ml). Metabolism of 


9-[3H]-PGF2, (0.4 pCi) by the uterus was unaffected 
by p-BPAB (100 ug/ml) and remained undetectable 
(n=2): 

The release of free arachidonic acid during 
incubation of the guinea-pig uterus was also measured 
in the absence or presence of p-BPAB (100 pg/ml). 
Indomethacin (50 pg/ml) was present in the Krebs 
solution during this study. The post-homogenization, 
pre-incubation level (ug/100 mg tissue) of free 
arachidonic acid in the uterus was 1.6+0.4 (n=5), 
which rose to 4.5+0.4 following incubation. This 
increase was inhibited by 75.9% with p-BPAB (the 
level of arachidonic acid being 2.3+0.4) achieved 
possibly by inhibiting PLA, The amount of 
arachidonic acid available is, however, still far in 
excess of the amounts of prostaglandins normally 
synthesized by the uterus. It would appear that 
inhibition of arachidonic acid release does not account 
for the reduction in prostaglandin synthesis. 
Furthermore, the addition of exogenous arachidonic 
acid (10 pg/ml) to uterine incubates (n=5) did not 
overcome the inhibition of prostaglandin synthesis 
produced by p-BPAB. Apparently this compound also 
prevents the conversion of arachidonic acid into pro- 
staglandins. 


This study was supported by the M.R.C. 
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Table 1 Effect of p-bromophenacy! bromide (o-BPAB) on prostaglandin Fag (PGF) synthesis by guinea-pig 


uterus homogenates /n vitro. 


Concentration of % Inhibition of No. of repetitions 
p-BPAB fug/mli) PGF aq synthesis (n) 
{mean Ł s.e.) 
1 6.61.4 4 
2 25.2 +47.3 4 
5 38.4 + 6.7 4 
10 51.1+7.0 3 
25 53.0+ 10.3 4 
50 52.8452 4 
100 68.0 + 6.0 7 
200 68.7 + 6.0 5 
4 


400 77.0+6.3 
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Generation of thromboxane A.,-like 
activity from prostaglandin 
endoperoxides by polymorphonuclear 
leukocyte homogenates 


S. BUNTING, G.A. HIGGS, S. MONCADA & 
J.R. VANE 


The Wellcome Research Laboratories, Langley Court, 
Beckenham, Kent, BR3 3BS. 


Rabbit aorta contracting substance (RCS) released 
from isolated perfused lungs of guinea pigs during 
anaphylaxis (Piper & Vane, 1969) is now thought to 
be a mixture of thromboxane A, (TXA,) and pro- 
staglandin endoperoxides (PGG, PGH,; Hamberg, 
Svensson & Samuelsson, 1975; Bunting, Moncada & 
Vane, 1976). TXA, is generated enzymically from 
PGG, or PGH, by horse or human platelet 
microsomes (Bunting, Moncada, Needleman & Vane, 
1975). TXA, is distinguished from endoperoxides by 
its shorter half life and its increased potency in 
contracting the rabbit aorta; moreover, while pro- 
staglandin endoperoxides relax the mesenteric and 
coeliac arteries of the rabbit, TXA, is a powerful 
constrictor of both (Bunting, Moncada & Vane, 
1976). 

Rabbit peritoneal polymorphs (PMNs) release 
prostaglanin during phagocytosis (Higgs, McCall & 
Youlten, 1975). We have now shown that 
homogenates of these cells contain an enzyme which 
converts PG endoperoxides into a substance with 
increased RCS activity which contracts the rabbit 
coeliac artery and has a similar half life to TXA,. 

PMN leukocyte suspensions obtained by the 
method of Hirsch & Church (1960) were centrifuged 
(50 g for 10 min), washed once with 0.9% saline and 
resuspended in 5 ml Krebs bicarbonate solution at a 
concentration of 4—18 x 10’ cells/ml. The cells were 
disrupted by freezing and thawing five times and 
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homogenized in a glass homogenizer. The 
homogenates were then centrifuged at 100,000 ¢ for 
1h and resuspended in 2ml 100mM Tris buffer 
(pH 7.5) prior to incubation with PGG, or PGH, 
(1 pg/ml). The biological activity of the incubation 
mixtures was assayed on spirally cut strips of rabbit 
aorta and rabbit coeliac artery, superfused at 
10 ml/min with Krebs bicarbonate containing a 
mixture of antagonists (Gilmore, Vane & Wyllie, 
1968) plus indomethacin (2 ug/ml). Changes in length 
of the assay tissues were detected by Harvard smooth 
muscle transducers and displayed on a Watanabe pen 
recorder. 

Homogenates of PMNs were incubated with 
PGG, or PGH, for 2min at 0°C to test for 
thromboxane synthetase activity. None was detected 
in resting PMNs but when they were incubated with 
killed bacteria (Pertussis vaccine, Burroughs 
Wellcome) for 1h at 37°C prior to homogenization, 
increased RCS activity was generated and the coeliac 
artery contracted. This conversion was prevented by 
boiling the homogenate prior to incubation, or by 
addition of benzydamine (200 pg/ml) a drug which 
inhibits the formation of TXA, by horse platelet 
microsomes (Moncada, Needleman, Bunting & Vane, 
unpublished) but not indomethacin (10 pg/ml). 
Incubation mixtures at neutral pH and 0°C were 
rapidly extracted with dry ether; the ether was 
evaporated under nitrogen and the residue taken up in 
buffer. Extracts contained RCS activity with a half life 
of 10—11 min at 0°C, 1—2 min at room temperature 
and less than 1 min at 37°C; values similar to those 
described for TXA,. 

These results show that homogenates of 
phagocytosing PMNs generate thromboxane A,-like 
activity. Thromboxane B., the metabolite of TXA; is 
chemotactic (Boot, Dawson & Kitchen, 1976); thus 
the production of thromboxanes by PMNs during 
phagocytosis could contribute to the inflammatory 
process. 
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The effect of pulmonary metabolites 

of prostaglandins E, E, and F,, on 
ADP-induced aggregation of human 

and rabbit platelets 


J. WESTWICK (introduced by G.P. LEWIS) 


Department of Pharmacology, Royal College of Surgeons 
of Engiand, London, WC2A 3PN. 


Prostaglandins (PGs) have been extensively examined 
as regulators of platelet activity since Kloeze (1967, 
1969) demonstrated that PGE, was a potent inhibitor 
of platelet aggregation. Recently the pulmonary 
metabolites of various prostaglandins have been 
shown to have considerable biological activity, e.g. on 
the bronchioles (Dawson, Lewis, McMahon & 
Sweatman, 1974), uterus (Crutchley & Piper, 1976) 
and blood pressure (Anggard, 1966). 

In the present study, a comparison has been made 
of nine pulmonary metabolites on ADP-induced 
aggregation of human and rabbit platelets. Human 
and rabbit platelet-rich plasma (PRP) were prepared 
by the method of Holmsen, Storm & Day (1972). The 
platelet counts were adjusted to 300,000/ui and 
400,000/,] in human and rabbit PRP respectively. 
Platelet aggregation was measured as an increase in 
light transmission as described by Born & Cross 
(1963). In order to test the normal reactivity of the 
platelets, with every batch of PRP a dose-response 
curve to ADP was obtained. A concentration of 
1.3x 10-6 ADP which produced about a 50% 
response, was selected for testing inhibition of 
aggregation. Following a 2 min pre-incubation period 


of the PRP to stabilize the temperature at 37°C, a 
constant volume (50 ul) of vehicle or prostaglandin 
(final concentrations 5x 10°? M to 5x 105 M) was 
added, followed 3 min later by ADP. Each concentra- 
tion of PG was tested 3—5 times and alternating 
control tests were made with vehicle alone. 

These results were expressed as percentage of 
control response. Dose-response curves were plotted 
and the ICs, values (uM) are shown in Table 1. 

These findings confirm that in man and rabbit, 
PGE, is a potent inhibitor of aggregation. However, 
the 13,14-dihydro-PGE, is also active in both species 
and is more than twice as active as the parent PGE, in 
man. While in high concentrations PGE, inhibits 
aggregation, in lower concentrations it causes 
potentiation of ADP-induced aggregation in man and 
rabbit. On the other hand, 13,14-dihydro-PGE, 
potentiates aggregation only in man. The extent to 
which human platelets metabolize prostaglandins and 
the effect of the metabolites on other platelet function 
tests are to be investigated. 


This work was generously supported by Ciba/Geigy. We 
wish to thank Dr J.E. Pike (Upjohn, Kalamazoo) for the 
supply of prostaglandins. 
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Table 1 Comparison of prostaglandin metabolites on ADP-induced platelet aggregation. 


Prostaglandin 


PGE, 

15-keto-PGE, 
13,14-dihydro-15-keto-PGE, 
13,14-dihydro-PGE, 


PGE, 

15-keto-PGE, 
13,14-dihydro-15-keto-PGE, 
13,14-dihydro-PGE, 


PGF oq 

15-keto-PG Fog 
13,14-dihydro-1 5-keto-PGF 24g 
13,1 4-dihydro-PGF za 


IC zo Values 
fuM/ 
Rabbit Man 
0.039 0.08 
>50.0 >50.0 
>50.0 >50.0 
0.19 0.037 
28.0* 13.0** 
>50.0 > 50.0 
>50.0 >50.0 
50.0 20.0** 
10.0 
N.T. > 50.0 
>50.0 
>50.0 


* 0.25~2.7 uM and ** 0.08—0.26 um produce potentiation (P< 0.05) of platelet aggregation. N.T.=not 


tested. 
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Stimulation of platelets by bis-enoic 
prostaglandins 


J.L. GORDON & D.E. MacINTYRE 
Department of Pathology, University of Cambridge. 


Prostaglandins (PGs) can stimulate or inhibit platelets: 
PGE, and PGD., are inhibitory (Kloeze, 1967; Smith, 
Silver, Ingerman & Kocsis, 1974), 11-deoxy-15- 
methyl-I5RS-PGE, (Wy-17,186) stimulates 
aggregation directly (Fenichel, Stokes & Alburn, 
1975), and PGE, stimulates or inhibits depending on 
the conditions (MacIntyre & Gordon, 1975). 

We investigated the effects of PGF2,, PGE,, Wy- 
17,186, 16,16-dimethyl-PGE,, 15(R)-15-methyl-PGE, 
and 15(S)-15-methyl-PGE, methyl ester in human and 
pig platelet-rich plasma (PRP) as described previously 
(Gordon & Drummond, 1974; MacIntyre & Gordon, 
1975). All these compounds except 15(R}-15-methyl 
PGE, induced platelet aggregation in pig heparinized 
PRP; minimum active concentrations (ug/ml) were 
respectively 2.0, 0.8, 0.6, 0.2, > 100, 3.0. 

In human citrated PRP, only 16,16-dimethyl-PGE, 
and Wy-17,186 induced substantial aggregation; 
15(S}-15-methyl-PGE, methyl ester had a slight effect. 
At 3yg/ml, 16,16-dimethyl-PGE, and Wy-17,186 


Table 1 
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released 40—70% of platelet granule constituents 
(measured by prelabelling with [C)-serotonin) and 
less than 10% of cytoplasmic constituents (measured 
by prelabelling with [°H]-adenine). Aggregation and 
release induced by the methylated prostaglandins were 
inhibited by PGD., PGE,, PGE,, PGF, and 15(R)- 
15-methyl-PGE,: against aggregation induced by 
ADP, PGD, and PGE, were similarly effective, but 
the other inhibitory PGs were much less active 
(Table 1). 

These findings support the concept that blood 
platelets can provide a valuable model for studying the 
characteristics of cellular receptors for PGs. 
Methylation at positions 15 and 16, and the 
stereospecificity of this substitution, clearly affect the 
stimulatory or inhibitory potency of prostaglandins. 
Furthermore, the differential potency of inhibitory 
PGs against platelet aggregation induced by PGE, 
derivatives or ADP suggests that the site of action 
may be at the stimulatory receptor in the former case, 
but at a separate site (e.g. adenylate cyclase) in the 
latter. 


This work was supported by grants from the M.R.C. and the 
Arthritis and Rheumatism Research Council. We thank Dr 
R.L. Fenichel (Wyeth) for the gift of Wy-17,186 and Dr J.E. 
Pike (Upjohn) for the gift of the other prostaglandins. 


Inhibition of human platelet aggregation by prostaglandins 





IC values (ug/ml) 


Aggregating Agent 

Prostaglandin 16,16-diMe-PGE, Wy-17,186 ADP 

(3 pg/ml) (3 pg/ml) {1 um) 
PGD, 0.06 0.07 0.01 
PGE, 0.02 0.06 0.01 
PGE, 0.20 0.80 10 
15-Me-1 5(R)-PGE, 50 45 >100 
PGF, 2:5 4.0 2100 


Results are mean values of triplicate determinations. 
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HT tn PRP, but when 5-HT was incubated in human 
PRP for 1 min or longer, the inhibitory effect of ADP 
was increased. The mechanism by which ADP inhibits 
5-HT uptake is not fully understood, but since it 
occurs at submicromolar concentrations of ADP, it 
may be of considerable physiological significance. 


This study was supported by a research grant from the 
Arthritis & Rheumatism Council. 
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A further action of sodium cromoglycate 


D.M. JACKSON & ILM. RICHARDS 


Fisons Ltd, Pharmaceutical Division, Research & 
Development Laboratories, Bakewell Rd., Loughborough, 
Leicestershire LE11 OQY. 


At the last meeting of the British Pharmacological 
Society at Chelsea College we described a model of 
reflex bronchoconstriction in the anaesthetized dog 
(Richards & Jackson, 1976). The activity of sodium 
cromoglycate (DSCG) has now been investigated 
using this model. 

Beagle dogs of either sex and weighing 9—12 kg 
were used in this study. The dogs were initially sedated 
with thiopentone sodium (5—10 mg/kg i.v.) and then 
anaesthetized with chloralose (80 mg/kg i.v.). The 
dogs were respired at constant pressure with a Bird 
Mk. VII ventilator and airways resistance (R ) and 
dynamic lung compliance (Cdyn) measured con- 
tinuously. Bronchoconstriction was produced by 
allowing the dogs to inhale 4 breaths of a histamine 
aerosol of 10 um mean particle size through a tracheal 
cannula. The concentration of histamine solution from 
which the aerosol was generated was selected so that a 
change in R of 10—20 cm H,O I~! s~? was produced. 
The concentrations used were 0.0625%—0.25%. The 
reflex component of the induced bronchoconstriction 
was determined by bilateral vagal cooling. 

Histamine challenges were given every 30 min, and 
when 4 consistent reflex bronchoconstrictions had 
been produced the effects of 4 breaths of an aerosol of 
DSCG of 10 um mean particle size, generated from 
either 1% or 2% solutions, on this broncho- 
constriction were investigated. (The DSCG was given 
10 min prior to the next histamine challenge.) The 
results of this study are shown in Figure 1. 

After 19% DSCG there was some reduction in the 
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Figure 1 Changes In alrway resistance produced by 
inhalation of 4 breaths of histamine aerosol of 10 pm 
mean particle size. The open histograms are control 
values and the closed histograms are the responses 
after inhalation of 4 breaths of an aerosol of DSCG of 
10 um mean particle size generated from a 1% 
solution (a) and a 2% solution (b). (Results are from 6 
and 4 dogs respectively. Bars are s.e. mean.) 
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response to histamine, although this was not 
statistically significant (Fig. 1A). Two per cent DSCG 
produced a significant reduction (P<0.05) in the 
induced bronchoconstriction which lasted for at least 
2 h (Figure 1b). When DSCG (50 pg/kg) was given in- 
travenously during a sustained reflex bronchoconstric- 
tion, complete reversal of the constriction was seen. 
The ability of the efferent autonomic nerves to 
produce a bronchoconstriction was checked 
throughout the experiment by direct electrical 
stimulation of the vagus nerves in the neck. DSCG, 
whether given by aerosol or intravenously did not 
inhibit the bronchoconstriction produced by direct 
electrical stimulation. 

DSCG is not a bronchodilator or an antagonist of 
histamine or acetylcholine (Cox, Beach, Blair, Clarke, 
King, Lee, Loveday, Moss, Orr, Ritchie & Sheard, 
1970) and it does not penetrate the central nervous 
system to any degree (personal communication from 
Dr B. Clarke, Dept. Metabolic Studies, Fisons Ltd.). 


The effects of corticosteroids on the 
responses of the anococcygeus and 
gastrocnemius muscles to nerve 
stimulation in the pithed rat 


A. GIBSON', D. POLLOCK & J.C. 
SPENCE 


Department of Pharmacology, University of Glasgow 


Corticosteroids have been used to treat myasthenia 
gravis (Seybold & Drachman, 1974). The mechanism 
by which corticosteroids improve neuromuscular 
functioning in myasthenia is unknown but could be an 
immunosuppressive action on an auto-immune 
mechanism, which may cause this disease (Simpson, 
1960). Since corticosteroids also have diverse effects 
on cardiac and smooth muscle (Thorp & Cobbin, 
1967; Gibson & Pollock, 1975), this study considered 
the possibility that corticosteroids might have actions 
in striated muscle unconnected with an immune defect. 

This study sought to determine whether cor- 
ticosteroids could modify the responses of the rat 
gastrocnemius muscle to nerve stimulation. For 
comparison, the responses of a smooth muscle were 
also investigated. The smooth muscle chosen was the 
anococcygeus because its responses to agonists in 
vitro were enhanced by treatment of rats with cor- 
ticosteroids (Gibson & Pollock, 1975). The 
responsiveness of these two muscles was investigated 
using the pithed rat preparation, in which a movable 


! Present Address: Chelsea College, London. 


We concluded, therefore, that DSCG reduced the 
bronchoconstriction to histamine aerosol, in our 
experiments, probably by desensitizing the lung 
irritant receptors which are thought to be responsible 
for the initiation of the reflex bronchoconstriction to 
histamine aerosol (Sellick & Widdicombe, 1971). 
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electrode was introduced into the spinal canal 
(Gillespie, MacLaren & Pollock, 1970). This 
technique permitted electrical stimulation of the spinal 
motor outflows to the gastrocnemius and 
anococcygeus in the same rat. 

Male Wistar rats were treated with corticosterone 
(20 mg kg~! day—', ip. for 5 days) or prednisolone 
(20 mg kg~' day~', Lp. for 4 days) or either saline or 
ethyl oleate as a control. The effects of reserpine 
(1 mg/kg, ip. 20h before pithing), which releases 
ACTH and therefore raises blood corticosteroid 
levels, were also investigated both in intact and in 
adrenalectomized rats. The rats were anaesthetized 
with trichloroethylene, respired artificially and pithed 
by the method of Gillespie, MacLaren & Pollock 
(1970). The spinal motor outflows were stimulated 
with supramaximal voltage using a Palmer stimulator. 
Responses of the muscles were recorded isometrically 
with Grass strain gauges and a Devices pen recorder. 
When the responses of the anococcygeus muscle were 
recorded, the rats received pancuronium bromide 
(2 mg/kg i.v.) to prevent interference by the 
contractions of the voluntary muscles. 

Corticosterone and prednisolone increased the force 
of contraction of the single twitch and tetanic 
responses of the gastrocnemius muscle but the ratio of 
the tensions developed during these two responses was 
unchanged from control values. The corticosteroids 
impaired the ability of the gastrocnemius muscle to 
maintain a tetanus. Reserpine also increased the 
tension developed by the gastrocnemius muscle. This 
effect was absent in adrenalectomised rats. Cortico- 
sterone also increased the responses of the 
anococcygeus muscle to electrical stimulation. This 
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occurred especially at low frequencies of stimulation. 
These results indicate that corticosteroids can enhance 
the responsiveness ‘of normal striated muscle to 
electrical stimulation of the motor nerves. The 
mechanisms underlying this effect are unknown but 
may involve either presynaptic changes or perhaps, 
more likely, postsynaptic changes. 
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The action of metiamide in anaphylaxis 
in vivo in the guinea-pig 


P. GOADBY & M. ANN LITTLE 


Department of Pharmacology, School of Pharmacy, 
Sunderland Polytechnic, Sunderland, SRT 3SD. 


Bartosch, Feldberg & Nagel (1932) first produced 
evidence that histamine was released from guinea-pig 
lungs after anaphylactic shock. Although histamine 
has been shown to interact with at least two types of 
receptor (Ash & Schild, 1966), most investigations of 
the role of histamine in anaphylaxis have studied only 
H,-receptors. However, recent work has shown that 
H,-receptors may be involved in immune reactions in 
basophil leucocytes and in the heart (Capurro & Levi, 
1973; Chand & Eyre, 1975). In this study the effect of 
the H,-receptor antagonist, metiamide (Black, 
Duncan, Emmett, Ganellin, Hesselbo, Parsons & 
Wyllie, 1973) in anaphylaxis in the guinea-pig was in- 
vestigated. 

Guinea-pigs were sensitized to egg albumen by its 
injection (100 mg ip. and 100mg s.c.) 3 weeks 
before challenge. Exposure to an aerosol of 1% egg 
albumen produced an anaphylactic reaction 
characterized by dyspnoea and cough. The onset 
times of anaphylactic symptoms in animals pretreated 
with metiamide (10 mg/kg and 100 mg/kg s.c.) were 
144.3+51.0s and 78.8+ 13.3 s respectively and were 
not significantly different from those of control 
animals (P<0.05). Mepyramine (1 mg/kg i.p.) 
extended the time of onset of anaphylactic symptoms 
(551.94+88.7s) and the protection was not 
significantly altered by addition of 10 mg/kg 
metiamide (541.3 + 94.0 s, P< 0.05). 

The aerosol method of studying anaphylaxis is very 
subjective and only gross effects are seen. Therefore, 
guinea-pigs anaesthetized with 60 mg/kg 
pentobarbitone sodium were prepared for the 
recording of respiratory overflow volume by the 
method of Konzett & Réssler (1940) as modified by 
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Lessin & Kramer (1969). Heart rate and blood 
pressure were also monitored by means of a rate meter 
and pressure transducer. Histamine (0.25 pg—8.0 ug) 
caused increases in air overflow volume of 
8.4—108.4%. The increases were blocked by 
mepyramine (0.05--5 mg/kg) but unaffected by 
metiamide (10 pg kg~! min—! i.v.). An increase in heart 
rate of 8.0+3.1 to 51.147.2 bts/min was produced 
by histamine between doses 2yg and 16 ug. 
Mepyramine (5.0 mg/kg) produced a shift to the right 
of the dose response curve (dose ratio=2.72) and 
mepyramine (5mg/kg) plus  metiamide 
(10 ug kg~! min`!) caused a further shift to the right of 
the curve. (Dose ratio= 13.34.) 

Injection of egg albumen (1 mg i.v.) into sensitized 
anaesthetized guinea-pig gave maximal increases in air 
overflow volume accompanied by an increase in heart 
rate and arterial blood pressure and death followed in 
6 to 7 animals within 6+0.83 minutes. Pretreatment 
with mepyramine (2.5 mg/kg), metiamide 
(50 pg kg! min-') or mepyramine and metiamide in 
combination increased the number of survivors (°/,, 
‘/,, $/s, respectively). Close inspection of the results 
suggested that metiamide may have been protecting 
the guinea-pigs by an action upon the heart. This is 
consistent with the theory that stimulation of H,- 
receptors in the heart plays an important role in 
anaphylactic death. 
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Factors regulating the time-course of 
the relaxation of rabbit aorta strips 
after contraction by 

angiotensin I] 


D. REGOLI, J. ST-LOUIS' & the late W.K. 
PARK 


Centre Hospitalier de Universite de Sherbrooke, 
Quebec, Canada 


It has been shown (Regoli & St-Louis, 1975) that the 
myotropic response of rabbit aorta strips (RAS) to 
angiotensin II is diminished in the absence of Ca** and 
restored when Ca?t (1.5 mM) is readmitted to the 
physiological salt solution (PSS). The effect of Ca*+ 
upon the angiotensin II response is still observed for 
several minutes after the angiotensin II infusion has 
been stopped, showing that angiotensin H continues to 
stimulate the receptors for several minutes after 
washing. Some factors regulating this continued 
myotropic response have now been investigated. 

Helical RAS 2cm long were equilibrated for 3h 
under 3 g tension in a cascade system and superfused 
with a tris buffered PSS (van Breeman, Farinas, Gerba 
& McNaughton, 1972) maintained at 37°C. The 
drugs were applied by infusion in the PSS and 
isometric contractions were recorded by a Grass 
FTO3C force transducer. 

A steady submaximal contraction was elicited with 
angiotensin II (4.5 x 10~? M) and the rate of relaxation 
of the subsequent tension decrease was observed when 
angiotensin II or Ca?*+ or both were removed from the 
PSS. RT., values (time for 50% relaxation, Kalsner, 
1975) were 7.1+0.3 min following angiotengi? II 
removal; 4.5+0.2 min following Ca*+ removal; and 
3.8+0.2 min following simultaneous removal of both 
(n=8). Regoli & St-Louis (1975) have shown that 
changes in calcium concentration do not alter the 
receptor binding of angiotensin II but interfere with 
the magnitude of the contraction. The present results 
therefore show that interference with the contractile 
mechanism can increase the rate of relaxation. 

When a 100-fold excess (5 x 10-7 M) of a potent 
competitive angiotensin II antagonist (8-Gly- 
angiotensin Il; Regoli, Park & Rioux, 1974) was 
added during the angiotensin II infusion, there is again 
! Present address: Wellcome Research Laboratories, 
Beckenham, Kent, U.K. 


a decrease in RT,, to 3.8+0.1 min (n= 12). Hence the 
RT; value can also be decreased by promoting the 
dissociation of angiotensin II from its receptor (Rioux, 
Park & Regoli, 1975). 

When the steady contraction was caused by 
analogues of angiotensin H (Regoli et al., 1974) the 
RTs, value for the relaxation after removing the 
compound from the PSS was correlated with the pD, 
value of each compound. When the antagonist 8-Gly- 
angiotensin II was added, the RT,, values for these 
analogues were markedly reduced and were well 
correlated with the pD, value of each compound, 
r=:0,928 (n=6 to 8 for each compound). The 
response to Ca*t readmission 30s and 4 min after 
interrupting the infusion of these same analogues of 
angiotensin II in Ca? free PSS, decreased with 
decreasing pD, value of the compounds. These last 
results suggest that the relaxation, and the residual 
contraction observed after adding Ca*+ to the PSS, 
are highly dependent on the rate of dissociation of the 
agonist compound from the angiotensin I receptor. 

The results presented here support the conclusion of 
Regoli & St-Louis (1975) that angiotensin I continues 
to stimulate the receptors several minutes after 
washing, and suggest that the dissociation of 
angiotensin H from its receptors is a rate-limiting step 
for the decrease in tension when angiotensin II is 
removed from the superfusing PSS. 
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K+-induced relaxations of the rat 
anococcygeus muscle 


A. GIBSON & T.A. JAMES 


Department of Pharmacology, Chelsea College, 
University of London, London, SW3 6LX. 


The actions of potassium chloride (KCl) on the rat 
anococcygeus muscle are complex (Gibson & Pollock, 
1973). On the resting muscle, KCI produces dose- 
dependent contractions, which are partly due to 
release of endogenous noradrenaline (NA) and partly 
to a direct depolarisation of the muscle membrane. 
However, when the tone of the muscle is raised, by 
acetylcholine (ACh) or guanethidine, KCl now 
produces dose-dependent relaxations. 

Two possibilities might explain these relaxations 
produced by KCI. Firstly, since KCl caused the 
release of motor transmitter (NA) it was possible that 
the relaxations were due to release of the as yet 
unknown inhibitory transmitter thought to exist in this 
tissue (Gillespie, 1972). Alternatively, it has been 
suggested that KCI might inhibit muscular activity by 
stimulating Na/K ATPase activity on the muscle 
membrane (Johns & Paton, 1974; Shibata, Fukada & 
Kurahashi, 1973) thus producing hyperpolarization 
and consequently relaxation. The purpose of the 
present study, therefore, was to determine which, if 
either, of the above mechanisms might explain KCI- 
induced relaxation of the rat anococcygeus muscle. 

Adult male Wistar rats were killed by stunning and 
exsanguination. The two anococcygeus muscles were 
dissected (Gillespie, 1972) and suspended in 
oxygenated Krebs bicarbonate solution (36°C). To 
observe muscle relaxations to KCI the tone was first 
raised by addition of ACh (40 uM), normally in the 
presence of phentolamine (1 uM). 

As found previously, KCl produced dose-related 
relaxations of the contracted anococcygeus muscle. 


How can one set multiple choice ` 
examinations of equal difficulty from 
year to year? 


R.W. FOSTER 


Pharmacology Department, Manchester University. 


The method which I am exploring attempts to predict 
the outcome of an examination as a normally 


Other K+ salts (bicarbonate and tartrate) also relaxed 
the muscle, while NaCl was ineffective suggesting that 
the active ion was Kt. Dose-response curves for the 
contractile and relaxant actions of KC! were obtained, 
and these suggested that the muscle was more 
sensitive to the relaxant effects of KCl. 

The Kt-induced relaxations were unaffected by 
addition of ouabain to the bathing medium (100 uM 
for 30min). However, the relaxations were 
completely, but reversibly, abolished by tetrodotoxin 
(5 pg/ml). The local anaesthetics procaine or cocaine 
(both 500 ug/ml) also abolished K+t-induced 
relaxations, although they did not abolish the response 
to ACh, nor the relaxation following washout of 
agonist. Cooling the muscle to 10°C had a similar 
effect to that of the local anaesthetics. 

In conclusion these experiments suggest that Kt- 
induced relaxations of the rat anococcygeus muscle 
are not due to stimulation of muscle Na/K ATPase, 
but that they are neurally-mediated and are probably 
due to release of the unknown inhibitory transmitter, 
the inhibitory nerves being more sensitive to the 
actions of K+ than the motor nerves. 
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distributed relationship between proportion of the 
candidates and score in the examination. The scoring 
system used is: correct +1, incorrect —1/(A-1), no 
answer 0. The mean score and variance of scores are 
obtained as in Figure 1. 

The method used predictively makes three 
assumptions 


(1) that P; can be estimated from the scores on 
question i attained by previous classes of candidates 
(and similarly Q; and 1-P;-Q)). 
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N = total number of questions 

P = probability of occurrence of correct answer 
Q = probability of occurrence of incorrect answer 
A = number of answer options 

R = correlation coefficient 


Figure 1 


(2) that Rij can be estimated from an average of the 
correlation coefficients between the scores on every 
question and those on every other question obtained in 
previous examinations. 

(3) that the distribution of candidates’ scores on the 
whole examination can be estimated by a normal dis- 
tribution. The current tests of the validity of these 
assumptions will be presented together with examples 


Comparisons of performance in 
pharmacology examinations using 
multiple choice and essay questions 


J.R.S. HOULT 


Department of Pharmacology, King’s College, London 
WC2R 2LS 


Multiple choice questions (MCQ) have established a 
place alongside traditional essay questions in 
examinations in preclinical and clinical medicine. 
Ideally, the MCQ examination should be used to 
complement rather than to replace essay question 
papers, since the use of both types of examination 
explores a wider range of qualities of the candidates 
than if a single examining technique is used. Thus, a 


of comparisons between predicted and attained dis- 
tributions. 

Standardization from year to year would involve 
substitution of certain questions in the proposed 
examination until a prediction indicating the required 
difficulty emerged. 

I am grateful to A.C.C. Gibbs for help in deriving the 
equations of Figure 1. 


fairer and more comprehensive evaluation of the 
candidates may be made. 

The automated marking and assessment methods 
used in our MCQ examinations have been 
demonstrated previously to the Society (Hoult, 1974) 


. and the data presented here concern the results of six 


pharmacology examinations taken by preclinical 
medical students. Each examination comprises essay 
and MCQ sections. The essays are marked on a 
‘close-marking’ scale (pass mark=50) and the MCQ 
scores are adjusted to give a pass mark of 50. 
Individual candidate scores and the results of the 
whole group for the MCQ and essay sections have 
been compared to see if the two types of examination 
provide similar information about the abilities of the 
candidate. 

The twelve frequency histograms of the scores of 


ty 
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Table 1 Scores In multiple choice questions (MCQ) and essay sections of six preclinical pharmacology 


examinations 





% candidates with 


Number of Essay scores* MCQ scores* similar scores 
Examination Candidates % % in each sectiont 
A 119 57.9+0.6 59.54 1.0 714 
B 103 52.0+1.0 59.3+0.9 71.8 
G 109 52.4+ 1.1 61.7+0.9 57.8 
D 114 55.0 £0.7 56.0+0.8 83.3 
E 122 55.0 40.6 59.2 +40.8 74.6 
F 115 56.9+0.8 58.9+0.9 56.5 


* Results expressed as mean + s.e. 


t Scores on MCQ and assay sections differing by less than 10%. 


the whole group for both sections of the six 
examinations all show scores which are normally 
distributed about a mean approximately one standard 
deviation above the pass mark. In each examination, 
the mean MCQ score of the whole group is slightly 
higher than the mean essay score (Table 1). Inspection 
of the histograms shows that the distribution of essay 
scores is slightly skewed, covering a wider range of 
scores at the lower end and a smaller range at the top 
end of the scale. Table 1 shows that, although most 
candidates obtained scores for the two sections of the 
examination which differed by less than 10%, there is 
a large goup of candidates with poor score 
correlations in the two tests. 

These data show that the MCQ and essay sections 


Learning from and attitudes to routine 
tape-slide teaching 


J.M. FOY 


School of Pharmacology, University of Bradford, 
Bradford BD7 1DP 


The use of slides in the teaching of medical and allied 
subjects is of very long standing. Linking audio-tape 
with slides to provide a single educational unit is of 
more recent origin although in some institutions the 
method has been in use for about a decade (Amos, 
Duncan, Gilder, Hall & Smart, 1969; Holloway, 
1964). Furthermore, the Medical Recording Service 
Foundation of the Royal College of General 
Practitioners has developed a large catalogue of 
recordings illustrated by slides which is extensively 
used and covers a wide range of subjects (Graves, 
1971). This illustrates that even at the postgraduate 
level, where a helpful source of information exists, 
demand for it will be forthcoming, although research 


of the examinations yield essentially similar 
information about the overall range of abilities of the 
candidates, and that many candidates achieve similar 
scores in both sections. However, there is an 
important group of candidates who score very 
differently in the two types of exammations. The 
existence of this group justifies the use of both types of 
assessment. 
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information on the efficacy of the service is lacking. 
Nevertheless, the use of tape-slide presentations in 
pharmacology teaching programmes, although 
accelerating, has not yet become routine in most 
courses perhaps because of the effort involved in 
preparation but also because of doubts regarding 
effectiveness and student acceptability once the 
novelty of the method has diminished. Indeed, most of 
the investigation into the efficacy of information 
retention have taken place in circumstances where the 
tape-slide method has been singled out for special 
attention either because the class was divided into 
special groups (Harden, Dunn, Holroyd, Lever, 
Lindsay & Wilson, 1969), or because special tests 
were administered (Birn & Christophersen, 1973). 
Although not used very extensively tape-slide 
instruction has been a routine part of pharmacology 
teaching at Bradford for a number of years. The 
method of preparation and presentation of the tape- 
slides will be outlined. The results from computer 
marked objective tests given during the course reveal 
that compared with lecture based topics, answers 
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arising from tape-slide generated material are between 
3% and 12% better depending on the point of 
comparison. The majority of students expressed a 
desire for more such programmes. The main reported 
disadvantages of the method are connected with speed 
of presentation or technical difficulties (although given 
a choice students at another centre preferred 
automatic equipment in study booths; Harden, 
Stevenson, Lever, Holroyd & Wilson, 1975). But they 
readily appreciated the convenience of the method 
including the facility to repeat and ease of access and 
availability. A sample of the type of tape-slide in use 
will be available as a demonstration. 
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The teaching of pharmacology to 
undergraduate pharmacy students 


J.M. FOY & JUDITH SENIOR 
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It has been stated that learning is enhanced by 
feedback (Miller, 1967); this is true not only for the 
students studying in academic institutions but also for 
staff involved in teaching them. Students attending the 
School of Pharmacy, University of Bradford are 
frequently asked to complete questionnaires 
concerning the teaching methods and content of 
pharmacology courses (Cooper & Foy, 1967) but this 
is the first attempt we have made to evaluate the 
course by means of a questionnaire sent out to 
pharmacy graduates. The analysis was on a much 
smaller scale than the one on medical pharmacology 
recently reported from an American centre (Burford & 
Stritter, 1974). 

The questionnaire was simple and divided into two 
main parts, the first part being involved with the 
occupation of the ex-student since graduation and the 
second part devoted to an evaluation of the 
pharmacology section of the pharmacy course. The 
questionnaire was sent to all persons (212) who 
graduated during the years 1972—74 from this School 
of Pharmacy, 51% of the forms were completed and 
returned for analysis. 

The undergraduate course in pharmacology for 
pharmacy students in this University can be divided 
into two main sections, namely, experimental 
pharmacology in the second year and applied 
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pharmacology in the third year of studies. The 
experimental pharmacology course introduces the 
student to the fundamental principles of the science of 
pharmacology and is supported by a practical 
programme which demonstrates the mechanism of 
drug action. The course in applied pharmacology has 
been described fully eslewhere (Foy, Hicks, Leach & 
Senior, 1972) and is designed to prepare the student 
for a role in a clinical multi-disciplinary team. Approx- 
imately 50% of the applied pharmacology section is 
composed of the study of clinical pharmacology. 
Results from the completed questionnaires show that 
the pharmacology component of the pharmacy course 
was rated at 3.5 on a ‘completely satisfactory’ 5—> | 
‘inadequate’ scale. The relevance of the pharmacology 
course to the work currently being undertaken by the 
graduate varies from 3.6 on a ‘relevant? 5— >l 
‘irrelevant’ scale for 1974 and 1973 graduates to 2.9 
for 1972 graduates. The survey calls for more 
emphasis in the course to be placed on drug in- 
teractions, applied pharmacology and therapeutics, 
toxicology and pathology. Topics which are seen as 
expendable to allow expansion in the above areas are 
pharmacodynamics and pharmacokinetics. In a 
previous survey sent to all types of recent graduates in 
pharmacology the most frequent criticism of the 
components of the pharmacology course was also lack 
of clinical teaching on the use of drugs (Bakhle, 
Straughan & Webster, 1974). 

The results from this latest 1976 survey to be 
extended in the communication show that a further 
emphasis towards clinical pharmacology may be 
desirable if the undergraduate course for pharmacists 
is to result in a more adequate pharmacological 
training. 
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Career patterns in science graduate 
pharmacologists 


P.B. MARSHALL & I.H. STEVENSON 


Department of Pharmacology and Therapeutics, 
University of Dundee 


To meet the increasing demand for pharmacologists in 
both universities and the pharmaceutical industry, 
several universities have over the past 25 years 
established science-based degrees in pharmacology. 


Table 1 


No. of students 


After graduation 

Honours B.Sc. (other subjects) 
M.Sc./Ph.D. 

Medicine/Dentistry 

University teaching/research 
School teaching 
Pharmaceutical/chemical industry 
Laboratory-based occupations 
Librarianship 

Non science-based occupations 
Retiral thro’ marriage 

Untraced 


The B.Sc. Pharmacology Course in Dundee was 
one of the first to be established, the first student 
graduating from the Honours Course in 1954, This 


paper surveys the career patterns of the 197 students ` 


who have graduated from this department between 
1954 and 1975. Of these, 181 and 53 completed the 
ordinary and honours B.Sc. courses respectively and 
25 students have taken post-graduate degrees in this 
department (Table 1). All of the honours graduates 
had previously taken the ordinary B.Sc. course and, of 
the 25 post-graduates, 9 were recruited from our own 
honours graduates. The pattern of honours grades 
awarded showed an even distribution, with the 


majority of graduates within the upper and lower 
second class groups. 

As is evident from Table 1, 67 of the ordinary B.Sc. 
graduates were untraced and of the remainder just 
under half proceeded to honours pharmacology. 
Thirteen students went directly at this stage into the 
pharmaceutical industry. Of our 53 honours 
graduates, approximately half proceeded to further 
post-graduate study, the other major careers 
undertaken being medicine and the pharmaceutical 
industry. Of the 25 students who had taken post- 
graduate degrees, 15 went into university posts either 


Career patterns in science graduate pharmacologists 


Ordinary B.Sc. Honours B.Sc. M.Sc. /Ph.d. 

181 53 25 
17 — m.. 
2 26 samen 

3 5 1 

O 2 15 

8 1 — 
13 8 8 
8 4 i 
at 2 oe 
10 5 
-a 1 
67 — one 


in teaching or in research and 8 joined the 
pharmaceutical industry. 

In summary, of a total of 133 students followed up 
(117 Dundee undergraduates plus 16 post-graduates 
from elsewhere), 64 have entered occupations in which 
Pharmacology is predominant, 46 have entered 
careers with a general scientific basis and 20 are 
known to have entered other occupations, with no 
scientific basis. 


The authors are grateful to the University of Dundee 
Careers and Appointments Service for information on 
careers taken up by ordinary B.Sc. graduates. 
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DEMONSTRATIONS 


The polymorph transfer reaction: 
a model system for the study of 
acute inflammation 


J.C. FIRRELL, MJ. PECK & TJ. WILLIAMS 
{introduced by G.P. LEWIS) 


Department of Pharmacology, Institute of Basic Medical 
Sciences, Royal College of Surgeons of England, London, 
WC2A 3PN. 


An important feature of acute inflammation is an 
influx of polymorphonuclear leucocytes (PMN- 
leucocytes). Animal models of acute inflammation 
(excluding anaphylactic reactions) generally employ 
local injections of agents such as carrageenin, kaolin 
or turpentine. In other experiments, immunological 
responses such as the Arthus reaction, are utilized. 


Table 1 


Treatments (doses/O.1 mi} (n=6) 


1 st injection 2nd injection 
PMNs (5 x 108) Saline 
Hanks Bradykinin (0.5 ug) 


PMNs (5 x 10°) 
PMNs=Indomethacin (1 ug) 
Hanks (control) 


Bradykinin (0.5 ug} 
Bradykinin (0.5 ug) 
Saline 


These reactions consist of a complex series of events 
involving mast cells, platelets, complement activation, 
and leucocyte chemotaxis, etc. As an alternative 
approach, we have attempted to produce a simplified 
model system to analyse some aspects of the 
pharmacology of PMN-leucocytes in vivo. The 
objective of this work was to try to correlate the 
production of prostaglandins by PMN-leucocytes in 
vitro (Higgs & Youlten, 1972), with the finding 
that exogenous prostaglandins can potentiate 
inflammatory exudation in vivo (Williams & Morley, 
1973). 

New Zealand White rabbit PMN-leucocytes were 
prepared from glycogen-induced peritoneal exudate 
(Hirsch & Church, 1960), and injected intradermally 
into up to 36 sites on the back of a recipient rabbit 
(5x 10° PMN-leucocytes in 0.1 ml Hanks 
solution/site). Control sites received Hanks solution 
alone. After a fixed interval (60 min in the present ex- 
periments), the rabbit was given intravenous "'J- 
labelled albumin, and each skin site received a supra- 
injection of bradykinin mixed with Xe, or Xe in 


saline alone. Exudation and increased blood flow were 
measured over the next 30 min as previously described 
(Williams, 1976a). 

Using this technique (which we have termed the 
‘polymorph transfer reaction’), we have observed clear 
potentiation of bradykinin-induced exudation in sites 
injected with PMN-leucocytes. No potentiation of 
bradykinin responses was observed in sites injected 
with cells mixed with indomethacin (1 yg/site). The 
concomitant changes in blood flow were consistent 
with the results of experiments using exogenous pro- 
staglandins as previously reported (Williams, 1976b). 

These results suggest that responses to exogenous 
bradykinin can be potentiated by endogenous pro- 
staglandin. 


This work is supported by the M.R.C. 


Plasma Increased 
Exudation + s.e. mean Blood flew + s.e. mean 

{wW total—f 4.2 ul control) (9% control} 

10.34 2.3 35.6+ 8.4 

63.5 +10.3 38.3411.0 

123.1415.9 76.4+ 9.0 

64.9+12.4 25.1+10.8 

0O.0+ 1.9 0.0+ 8.5 
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Arachidonic acid-induced paw oedema 
in the rat 


J. COTTNEY, AJ. LEWIS & 
D.J. NELSON 


Scientific Davelopment Group, Organon Laboratories 
Umited, Newhouse, Lanarkshire, ML1 5SH 


Arachidonic acid, a prostaglandin percursor, has 
previously been demonstrated to produce a small but 
significant, inflammatory oedema when administered 
by subplantar injection into the hind paw of the rat 
(Bekemeier, Giessler & Hirschelmann, 1974; Lewis, 
Nelson & Sugrue, 1975). In addition, when 
administered into the rat hindpaw in combination with 
carrageenan or kaolin, arachidonic acid is capable of 
potentiating the effects of these irritants by a 
mechanism thought to require conversion of the 
arachidonic acid to prostaglandins (Lewis et al, 
1975). 

We have further examined the response produced in 
the rat hind paw by subplantar administration of 
arachidonic acid alone in an attempt to establish 
whether the resulting oedema is a consequence of the 
conversion of arachidonic acid to prostaglandins 
which are themselves pro-inflammatory (Glenn, 
Bowman & Rohloff, 1972). 

Male Wistar rats (CE/CFHB, Carworth Europe) 
weighing between 80—100 g were used in groups of ten 
for these experiments. Arachidonic acid (Sigma) was 
dissolved in absolute ethanol before dilution with 0.9% 
w/v sodium chloride solution and was injected via the 
subplantar route to the left hind paw. The con- 
tralateral paw received an equal volume (0.1 ml) of 
vehicle. The paw diameters were measured by means 
of a paw meter (Bonta & Noordhoek, 1973) at regular 
intervals and paw swelling was calculated as the 
difference in paw diameters of the archidonic acid 
treated paw and the control paw. Arachidonic acid 
(10—250 ug/paw) produced a rapid, dose related 
swelling maximal between 15 and 30 min (40—50% 
increase for 100 ug/paw at 15 min) which persisted for 
as long as 6 hours. 

The prostaglandin synthetase inhibitors, indo- 
methacin (1-10 mg/kg) and phenylbutazone (10— 
100 mg/kg) did not significantly influence the early 
phase (0—1 h} of this swelling when administered 
orally in 5% mulgofen 60 min before the injection of 
100 ug arachidonic acid. Indomethacin, but not 
phenylbutazone, partly suppressed the oedema 
between 1.5 and 3hours. Major conversion of 
arachidonic acid to the prostaglandins is therefore 
unlikely to be responsible for the paw oedema 
response. An examination of the role played by other 
likely mediators in this response was then undertaken. 


Neither of the histamine antagonists, 
mepyramine (2.5 mg/kg) and triproline (50 mg/kg) 
nor the 5-hydroxytryptamine (5-HT) antagonist, 
methysergide (2.5 mg/kg s.c.) 30 min prior to the 
injection of arachidonic acid, affected the course of the 
paw oedema. However, a combination of triprolidine 
(50 mg/kg) and methysergide (2.5 mg/kg) 
administered s.c. 30 min prior to arachidonic acid 
significantly suppressed the early stages of this 
oedema (0—2 h) This suggests that histamine and 5- 
HT are released during these early phases of the 
inflammation. 

Pretreatment with either ellagic acid (2x 10-*M 
administered i.v. at 30, 25 and 20 min prior to 
arachidonic acid) or soybean trypsin inhibitor (SBTT; 
80 mg/kg administered i.p. at 4, 2 and Oh prior to 
arachidonic acid) both reduced the oedema from 0 to 
4 hours. Both ellagic acid and SBTI have been 
reported to reduce kinin production, ellagic acid by 
depleting kininogen stores (Gautvik & Rugstad, 1967) 
and SBTI, by inhibiting kinin formation from 
kininogen (Maling, Webster, Williams, Saul & 
Anderson, 1974). Thus arachidonic acid-induced 
oedema also appears to involve kinin formation. 

The combination of ellagic acid and triproline and 
methysergide did not completely suppress the 
arachidonic acid oedema, however, and consequently 
other factors in addition to histamine, 5-HT and 
kinins, would appear to be implicated in the 
inflammatory oedema produced by this fatty acid. 


References 


BEKEMEIER, H , GIESSLER, AJ. & HIRSCHELMANN, R. 
(1974). Prostaglandins and inflammation. Pol. J. 
Pharmacol., 26, 5—23. 

BONTA, LL. & NOORDHOEK, J. (1973). Anti-inflammatory 
mechanism in inflamed tissue factor. Agents Actions, 3, 
348-356. 

GAUTVIK, K.M. & RUGSTAD, H.E. (1967). Kinin formation 
and kininogen depletion in rats after intravenous 
injection of ellagic acid. Br. J. Pharmac. Chemother., 31, 
390--400. 

GLENN, E.M., BOWMAN, BJ. & ROHLOFF, N.A. (1972). 
Proinflammatory effects of certain prostaglandins. In 
Prostaglandins in Cellular Biology, ed., Ramwell, P.W. 
& Pharriss, B.B., pp. 329-344. New York: Plenum 
Press. 

LEWIS, A.J., NELSON, D.J. & SUGRUE, M.F. (1975). On the 
ability of prostaglandin E, and arachidonic acid to 
modulate experimentally induced oedema in the rat paw. 
Br. J. Pharmac., 55, 51—56. 

MALING, HLM., WEBSTER, M.E., WILLIAMS, M.A. SAUL, 
W. & ANDERSON, W. (1974). Inflammation induced by 
histamine, 5-hydroxytryptamine, bradykinin and 
compound 48/80 in the rat; antagonists and mechanisms 
of action. J. Pharmac. exp. Ther., 191, 300—310. 


312P PROCEEDINGS OF THE B.P.S., 15th—18th JULY, 1976 


Class experiment with student 
volunteers illustrating the influence 
of formulation on absorption 

of aspirin 


D.K. LUSCOMBE & P.J. NICHOLLS 


Section of Applied Pharmacology, Welsh School of 
Pharmacy, UWIST, Cardiff, CF1 3NU. 


The influence of formulation on the absorption of 
drugs is an important aspect of clinical pharmacology. 
However, such a topic is not readily demonstrated to 
students since undergraduate practical classes 
generally operate with constraints such as limited 
duration of laboratory period, lack of sophisticated 
equipment and varying technical ability of the students 
themselves. Nevertheless, we have devised a number 
of volunteer experiments which can be performed 
satisfactorily within such constraints and one of these 
is described below. It is simple to carry out and 
requires a minimum of practical expertise and 
equipment. The experiment demonstrates the influence 
of formulation on the absorption of aspirin using 
urinary excretion of salicylate over a 2 h period as the 
index of absorption. 

Three different tablet formulations each containing 
325 mg aspirin have been employed. Each healthy 
student volunteer swallows two tablets of one of the 
formulations with water (150 ml), at least 2h after a 
light meal. The bladder is emptied immediately prior 
to dosing and at 0.5, 1.0, 1.5 and 2.0 hours. The 


Intersubject variability of 
sulphadimidine acetylation in student 
volunteers 


D.K. ISCOMBE & P.J. NICHOLLS 


Section of Applied Pharmacology, Welsh School of 
Pharmacy, UWIST, Cardiff, CF1 3NU. 


An acetylation polymorphism affects the metabolism 
of several drugs such as isoniazid and sulphadimidine. 
Rao, Mitchison, Nair, Prema & Tripathy (1970) have 
proposed that classification of individuals into slow 
and rapid inactivators of isoniazid may be made on 
the basis of the degree of acetylation of a test dose of 
sulphadimidine. 

We have modified the procedure of Rao et al. 
(1970) for teaching purposes to illustrate the inter- 
subject variation in the acetylation of this sul- 
phonamide. The drug is taken by healthy student 


volume of urine at each time is measured and, after 
alkaline hydrolysis, salicylate content determined 
colorimetrically using Trinder’s reagent (Staff of 
Department of Pharmacology 1970). Students with a 
history of gastric disorders, known sensitivity to 
aspirin or who have not previously taken aspirin, are 
excluded from the experiment. 

With the following fomulations: (A) aspirin with 
10% wheat starch (10s disintegration time, by 
standard B.P. 1973 test), (B) aspirin with 2% wheat 
starch (60 min disintegration time) and (C) enteric 
coated aspirin tablets B.P., typical results 
(accumulative totals of urinary salicylate, mg 
mean + s.e. at 0.5, 1.0, 1.5 and 2.0h) for groups of 
eight students are, for A, 5.2+3.0, 15.646.3, 
25.5+6.8, 39.145.4; for B, 0.740.2, 2.6+0.7, 
6.54 1.2, 12.14+2.4; for C, zero, zero, 0.8+0.3 and 
2.1+0.9. 

This basic study may be modified to investigate the 
influence of a variety of orally administered medicines 
such as antacids, kaolin, iron preparations and 
antispasmodics on the absorption of salicylate. 


We are grateful to Dr N.A. Armstrong for supplying the 
aspirin tablets. 
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volunteers at least 2h after a light meal and urine is 
collected between 1 and 3h after dosing for 
determination of sulphonamide. 

The bladder is voided 1 h before the practical class, 
a sample of the urine (control) being retained for 
assay. Each volunteer then swallows four tablets of 
sulphadimidine B.P. (2g) with water (150 ml). One 
hour later, at the commencement of the class, the 
bladder is again voided, the urine being discarded and 
a further 150 ml water taken. All urine passed between 
l and 3h after dosing is collected in a combined 
volume and assayed colorimetrically for free and total 
sulphonamide by the method of Bratton & Marshall 
(1939). Using absorbance values (corrected for 
control readings) only, the proportion of acetylated 
sulphadimidine in the urine sample is calculated. This 
makes it unnecessary to measure volume of urine 
collected or to run standards through the assay 
procedure. It is important to thoroughly mix the 
reagents at each step and to use the coupling reagent 
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freshly prepared. Urine samples seeded with sul- 
phadimidine and its acetylated conjugate are made 
available for ‘practice runs’ during the early part of the 
practical class. 

A bimodal distribution for the acetylation of this 
sulphonamide is evident from the results of the class 
experiment. Thus, in a group of 57 students the 
frequency distribution pattern was 10 (0—9% 
acetylation), 3 (10~—19%), 4 (20-29%), 0 (30-39%), 5 
(40—49%), 14 (50-59%), 11 (60-69%), 5 (70-79%), 
5 (80-89%) and O (90—-100%). Data obtained from 
class experiments over the past three years has 
indicated that even with small groups (i.e. 22 students) 
this bimodal distribution pattern is obtained. On the 
basis of these results it would appear that the good 
acetylators are above the 40% value whereas the poor 
acetylators are below this figure. If large enough 
numbers of students participate it may be possible to 
analyse the data in terms of ethnic groupings. 

During the class it is also possible to examine urine 


Films in pharmacology teaching 


J.R.S. HOULT 


Department of Pharmacology, King’s College, London, 
WC2R 2LS8. 


Film loops and full length films, especially those in 
colour, are used in pharmacology courses to 
supplement lectures, practicals, and other audio-visual 
material. Selected film material may thereby increase 
the scope and interest of courses as well as adding 
variety to their content. 

The film loop, lasting from 2 to 15 min, may be 
projected on to a conventional screen or displayed on 
small portable desk-top monitors, and may thus be 
shown to small groups or to whole classes. It is 
particularly useful for the demonstration of simple 
practical techniques, as it can be allowed to run and 
repeat itself until the student is familiar with the 
experimental technique. The use of close-up and 
colour enables the clear visualization of detail which 
may not always be possible during live 
demonstrations. In addition, film loops provide 
economies in demonstrator time and permit students 
to learn independently at their own rate. The 
production of film loops is well within the capabilities 
and budget of many university audio-visual 
departments. 

The expense and time involved in making a first 
class full-length film puts film-making outside the 
scope of all but the largest organizations. However, 


samples for the presence of free and acetylated sul- 
phadimidine by thin layer chromatography using silica 
gel plates containing a fluorescent indicator (Merck 
F254). Control and test urines (2—3 yl) together with 
the two pure sulphonamides are applied as separate 
spots to the plate which is then developed in benzene: 
acetone (3:1, v/v) for 20 minutes. Sulphadimidine and 
its acetylated metabolite are then detected as 
quenching spots (under light at 254nm) with Rf 
values of 0.42 and 0.23 respectively. 
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there are many excellent films on pharmacological 
topics which are available from the pharmaceutical 
industry and from other sources. In many cases these 
are not orientated towards commercial promotion, 
and may be hired free or at nominal cost. Such films 
cover many aspects of drug actions and their 
therapeutic uses, as well as relevant physiological 
and clinical topics. Obvious benefits of the use of films 
include the convenient access to material which would 
otherwise be unavailable to the student, and the jux- 
taposition of basic theory with experimental and 
clinical material. Imaginative use of animated 
diagrams, colour, cinemicrophotography, slow motion 
sequences, and other techniques, contribute to the 
powerful impact and teaching effectiveness of films. 

The intention of this demonstration is (a) to show 
examples of films and film loops which illustrate some 
of the points discussed above, and which demonstrate 
the potential value of films in pharmacology teaching 
programmes; and (b) to provide catalogued 
information and basic details about film material 
which is now available, both from academic and 
commercial sources. Much of the information 
concerning films made by pharmaceutical companies 
has been obtained from a recent questionnaire 
(April-May 1976) which shows that many companies 
have a lively interest in pharmacology teaching. 


I wish to acknowledge the kind co-operation of many 
pharmaceutical companies in providing information, and 
especially to those who have generously loaned films for this 
demonstration. 
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Effective pharmacological 
demonstrations to 100 students 


A. D'MELLO & Z.L. KRUK 


Department of Pharmacology and Therapeutics, The 
London Hospital Medical College, London, E1 2AD. 


Pharmacology is a practical science and its teaching is 
greatly assisted by experiments which demonstrate 
and reinforce well known basic principles and actions 
of drugs. Efficient teaching of practical pharmacology 
to 100 students is difficult to organize, requires large 
laboratories, large amounts of apparatus, and 
inevitably requires a large number of staff. 

As part of a comprehensive course in practical 
pharmacology for medical students we demonstrate 
the effects of drugs on the peripheral nervous system 
(anaesthetized cat, isolated heart and intestine pre- 
parations, neuromuscular junction in skeletal muscle) 
using a multi-channel recorder with overhead 
projection facilities ((Physiograph’; Narco Biosystems, 
Inc, U.S.A.). 

The demonstrations are conducted in a 
conventional tiered lecture theatre with a large 
projection screen. The advantages of this arrangement 
are obvious: 


— low staff/student ratio (two academic and two 
technical staff for 100 students) 
— minimization of apparatus failure and 
elimination of poor experimental design 
-—— elimination of lack of students’ expertise 
— supervised discussion on every aspect of the 
“demonstration with full encouragement given to 
voice every opinion so that misunderstandings 
and errors of judgement and fact can be 
rectified. 


Developments in the use of television 
for pharmacology teaching 


G.D.H. LEACH 
University of Bradford. 


Since the earlier demonstration given to the Edinburgh 
meeting of the Society in 1974, two developments of 
practical interest to pharmacologists could be noted: 


(i) Colour productions. 


In these cases, original monochrome productions 
have been updated and the use of all colour or partial 
colour television material has been introduced into the 


The students are encouraged to make full notes 
during the demonstration and discussions, and are 
required to present a concise account of events. To 
help them a statement on the main aims and objectives 
of the demonstration is available, as are specimen 
traces of results. 

We have tried to assess the effectiveness of this 
method of teaching by comparing the performance of 
students in determinate multiple choice questions on 
aspects of peripheral nervous system pharmacology 
which had been demonstrated and other aspects which 
had not been demonstrated. We were encouraged by 
the following results obtained in two successive years 
(1974, 1975). The mean facility + s.e. mean (defined as 
the percentage of students making the correct 
response) for demonstrated aspects (85+ 2.9 in 1974; 
85+ 2.6 in 1975) was significantly greater (P < 0.01) 
than the mean facility for non-demonstrated aspects 
(70 + 3.3 in 1974; 68 + 5.2 in 1975). 

To give the students an idea of their own 
performance and to help us to identify problem areas 
in knowledge and understanding, we have introduced 
short (about 30 items) determinate tests at the end of a 
series of demonstrations. The students mark each 
others’ answer sheets and calculate the score. Each 
individual item is then assessed for facility, and any 
problem questions (we take a facility of <60 as the 
cut off point) is discussed again in the hope of 
correcting misconceptions or supplying facts where 
there were areas of ignorance. 

We consider that this method has many advantages 
over conventional large practical classes especially in 
these times of increasing student numbers and 
restriction on appointment of new staff. There has 
been no decrease in standards and from our 
experience it is popular with both staff and students. 


teaching curriculum. In the tapes to be demonstrated, 
different aspects of the usefulness of such material will 
be emphasized. 


(a) An all colour presentation of the recording of ` 


nerve action potentials in the anaesthetized animal 
will be shown. The tape has been prepared in the 
studios of the University of Aberdeen and is 
presented by Professor Malcolm. 

(b) A series of partial colour productions prepared by 

Dr Foy, Dr McCurrie and Professor Leach of the 
University of Bradford will also be shown. 
These will include relevant aspects of lecture 
demonstration material from areas such as 
mammalian blood pressure and respiration 
recording, mechanism of muscle relaxant action 
and the actions of sympathomimetics on the 
Langendorff perfused heart preparation. 


> 
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Slide-tape programmes in the teaching 
of pharmacology 


B. COX, J.R. FOZARD & 
R.C. SMALL 


Department of Pharmacology, Materia Medica and 
Therapeutics, University of Manchester, Manchester, 
M13 GPT. 


A series of slide-tape teaching programmes has been 
developed to aid the teaching of pharmacology at 
Manchester (Table 1). Principally these programmes 
are intended for private study by individual students. 
They are expected to be used 


(a) by students (undergraduate and postgraduate) 
wishing to pursue private revision. 

(b) as revision courses for students experiencing 
difficulty with more traditional forms of 
teaching. 


(c) by postgraduate students following M.Sc. 
courses in Pharmacology after first degree 
courses in related subjects and for foreign 
postgraduate students. 

(d) in some cases by one particular sub-group of 
students (e.g. dental students) as the main part 
of their course.! 


The demonstration will show selected samples from 
the slide-tape library including programmes on local 
hormones and mediators on inflammation, local 
anaesthetics and autonomic pharmacology for dental 
students. 

The techniques for rapid and relatively inexpensive 
production of tapes will be presented along with 
surveys of student attitudes to this form of teaching. 
More detailed evaluation is underway. 


! This programme was made in collaboration with the 
Dental School, University of Los Angeles, California, 
U.S.A. 


Table 1 Slide-tape programmes available for teaching Pharmacology 
No. of 
Programme tapes Topic Audience 
1 1 Introduction to the autonomic General 
nervous system 
2 3 The noradrenergic neurone General/advanced 
3 3 Local hormones and mediators of General 
inflammation 
4 3 Endocrine pharmacology General i 
5 3 Pharmacology of reproduction General/M.Sc. Reproductive 
Pharmacology 
6 1 Pharmacology of the eye General/Ophthalmic optics 
ri 1 Local Anaesthetics 
8 1 Drug Metabolism General 
9 1 Malaria General 
10 8 Autonomic Pharmacology Dentists 


Autonomic drugs and the eye 


J.M. FOY & D.J. HOPKINS 


School of Pharmacology, University of Bradford, 
Bradford, BD7 1DP and Department of Ophthalmology, 
Bradford, BD9 6RJ. 


This tape-slide presentation takes the form of a 
discussion between a pharmacologist and a 
consultant ophthalmic surgeon and centres on the 
latter’s choice and use of drugs active on the eye. 

The tape opens with some revision material on the 
structure, function and innervation of the eye followed 


by a classification of the different ways of drug 
adrninistration. There is then a categorization of the 
different autonomic agents to be discussed later. An 
extended section on glaucoma, both acute and chronic, 
reflects the surgeon’s interest im this disease and 
clarifies for the non-specialist the important 
differences between the two forms. The remaining 
discussion on drugs and their use in ophthalmology is 
somewhat less detailed but nevertheless contains many 
interesting photographs taken in clinicgl situations. 
The inclusion of drugs in the presentation is not meant 
to be comprehensive but is restricted to those actually 
used by the clinician. 
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Teaching methods in pharmacology 


J.M. FOY & JUDITH SENIOR 


School of Pharmacology, University of Bradford, 
Bradford, BD7 1DP 


A short videotaped recording where final year 
students comment on the various teaching methods in 
which they have been involved. 


Langendorff mammalian heart perfusion 


G.D.H. LEACH 


School of Pharmacology, University of Bradford, 
Bradford, BD7 1DP 


A colour, videotaped recording showing the effect of 
some common drugs on the isolated perfused rabbit 
heart. 





The blood pressure and respiration 
of the anaesthetized cat 


J.M. FOY & J.R. McCURRIE 


School of Pharmacology, University of Bradford, 
Bradford, BD7 1DP. 


This colour, videotaped recording is designed as an 
initial demonstration to be shown towards the end of 
the first year in an undergraduate course. It contains 
demonstrations, recorded during actual experiments, 
of some important features of the control of blood 
pressure and respiration. 
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A new method of obtaining human 
skin inflammatory exudate for 
pharmacological analysis 


A. KOBZA BLACK, M.W. GREAVES, 
C.N. HENSBY & N.A. PLUMMER 


institute of Dermatology, St John’s Hospital for Diseases 
of the Skin, Homerton Grove, London, E9 68X. 


The value of the perfusion technique in obtaining 
inflammatory exudate is limited by its relative insen- 
sitivity and lack of quantification, due to the diluting 
effect of the infusing fluid (Greaves & Søndergaard, 
1971). 

In order to overcome these problems we have 
devised a new method in which fluid contents of 
suction bullae raised on inflamed skin are used as a 
source of exudate. Bullae, 6mm in diameter were 
raised at a pressure 200 mmHg below atmospheric, in 
approximately 120 minutes. Volumes of exudate of 
0.5 ml or more were aspirated immediately into a 
polythene syringe with a 26 gauge needle. Exudates 
from skin inflamed by topical application of tetra- 
hydrafurfuryl nicotinate (Thurfyl nicotinate) and from 
normal skin were compared. Thurfyl nicotinate 
exudates tested on a superfusion cascade bioassay 
system caused contractions of the rat stomach and rat 


Aberdeen-Dundee 
medicines evaluation and 
monitoring group 


R.D. WIER, D.C. MOIR, Z.G. ERSKINE, S.C. 
GALLON, J.F. DAVIDSON, J. CROOKS & LJ. 
CHRISTOPHER 


Department of Community Health, University of 
Aberdeen and Department of Pharmacology and 
Therapeutics, University of Dundee. 


The Aberdeen-Dundee Medicines Evaluation and 
Monitoring Group (MEMO) has evolved from a drug 
monitoring system developed in Aberdeen since 1964. 
The main activities of the group include investigations 
into: 


(i) suspected drug adverse reaction associations, 
(ii) aspects of drug efficacy, 


colon equivalent to 48.3+7.5 ng/ml, n=15 
(mean + s.e. mean) of prostaglandin (PG}like activity 
estimated in PGE, equivalents. Exudate from normal 
skin showed 14.6+4.4ng/ml (n=18) PGE, 
equivalents. There was no increase shown either in 
histamine or in bradykinin in the thurfyl nicotinate 
inflamed skin. 

The presence of significantly increased PGE, and 
PGF, activity in the thurfyl nicotinate reactions was 
subsequently confirmed by gel partition chromato- 
graphy and radio-immunoassay. Prior oral 
administration of aspirin (600 mg 4 hourly for 24 h) 
decreased PG-like activity, and reduced the thurfyl 
nicotinate erythema. 

Light and electron microscopic studies revealed the 
level of separation of the bulla to be in the septa 
lucida, between the basal cell plasma membrane and 
the basal lamina. Other physical characteristics of the 
exudate from normal and thurfyl nicotinate inflamed 
skin will be demonstrated. 


l 
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(iii) drug utilization, and 

Gv) an educational role related to maintenance of 
the hospital drug handling system and feedback 
of information derived from the above. 


The data base of the system is the linkage of 
individual patient records of drug presentation and 
administration, to hospital morbidity data. A 
computer file of over one million prescriptions and 
250,000 discharges has thus been created indexed by 
age, sex, diagnosis or drug, as required. 

The staff comprising in whole-time equivalents — 4 
professional workers and 5i clerical assistants now 
handle 70,000 discharges and 250,000 prescriptions 
per year from a total population of 750,000. 

The basic system is presented and the following 
topics selected to illustrate different aspects of its 
activities: (a) processing drug names, (b) improving 
hospital prescribing, (c) information for users, (d) 
prescribing outwith hospital. 
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Studies on Azadiracta indica 
in malaria 


A. TELLA 


Department of Pharmacology, College of Medicine of the 
University of Lagos. 


Primary acute blood-transmitted P. berghei malaria 
was induced in young male albino mice (Tella & 
Maegraith, 1965) divided into three groups. One 
group represented the controls in which the infection 
was not treated. The second group was treated with 
daily oral doses of the leaf extract of Azadiracta 
indica. The third group received dapsone. 

In the first two groups of animals, reticulocytosis 


did not occur, but the parasite count rose, packed cell 
volume and erythrocyte counts fell with each day of 
the infection which ended fatally on the fifth day. The 
third group recovered completely indicating that the 
infection, although acute, was still capable of 
responding favourably to suitable drugs. 

The results thus show that Azadiracta indica leaf is 
ineffective in P. berghei malaria contrary to the claim 
that it is of therapeutic value in human malaria. 
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THE INHIBITORY EFFECT OF 


GALLAMINE ON MUSCARINIC RECEPTORS 


A.L. CLARK & F. MITCHELSON 


Department of Pharmacology, Victorian College of Pharmacy, Parkville, Victoria, Australla 3052 


1 The inhibitory effect of gallamine (1.1 yM—1.1 mM) on negative inotropic responses to 
acetylcholine (ACh) or carbachol (CCh) was investigated in isolated electrically stimulated atria of the 
guinea-pig. Gallamine caused parallel rightward shifts of the dose-response curves to the agonists, with 
no depression of the maximal response. 


2 Gallamine (0.11—1.1 mM) produced a greater degree of antagonism towards CCh than towards 
ACh. With either agonist, the degree of antagonism produced by gallamine in high concentrations was 
less than that expected for a competitive antagonist. 


3 Similar findings were made when either negative inotropic or chronotropic responses were 
recorded in spontaneously beating guinea-pig atria. The inhibitory effect of gallamine against the 
negative inotropic response to cholinomimetics in electrically stimulated atria was not altered either in 
the presence of propranolol (174M) or in atria obtained from guinea-pigs pretreated with 
diisopropylphosphorofluoridate (DFP) (12.5 pmol/kg, in divided doses over 3 days). 

4 When ACh was used as the agonist, combination of gallamine with atropine (0.05~0.4 uM) 
produced dose-ratios which were less than expected for combination of two competitive antagonists. 
The same phenomenon was observed in atria obtained from guinea-pigs pretreated with DFP. 

5 It is suggested that the antagonism produced by gallamine is a type of non-competitive inhibition, 
which has been termed ‘metaffinoid antagonism’. An antagonist of this type allosterically alters the 
affinity of the agonist for its binding site, rather than changing the effectiveness of the agonist-receptor 


interaction. 


Introduction 


It has been reported that when gallamine is used 
clinically as a neuromuscular blocking agent, it 
produces tachycardia if used in conjunction with 
certain types of anaesthetics (Doughty & Wylie, 1951). 
Investigation of this effect has yielded various possible 
explanations. Brown & Crout (1966; 1968; 1970) 
showed that gallamine had a positive inotropic effect on 
mammalian cardiac muscle in vitro which was 
abolished by propranolol, or by pretreatment with 
reserpine. They suggested that gallamine possessed a 
sympathomimetic effect which was mediated by the 
release of noradrenaline from cardiac adrenergic nerve 
endings. 

Gallamine also antagonizes negative inotropic and 
chronotropic effects produced by preganglionic vagal 
stimulation of the heart (Della Bella, Rognoni & 
Gopal, 1961; Brown & Crout, 1968). Della Bella et ai. 
(1961) explained this effect as being due to a ganglion 
blocking action of gallamine in the heart. However, 
Riker & Wescoe (1951) showed that gallamine also 
inhibited acetylcholine (ACh) or methacholine- 
induced bradycardia. They postulated that the action 
of gallamine on the heart was like that of atropine, but 


it was a much less potent antagonist at other 
muscarinic sites. 

More recent studies by Rathbun & Hamilton (1970) 
further emphasized the specificity of gallamine for the 
cholinoceptors of the heart. They supported the 
suggestion of an atropine-like action for gallamine, as 
the effects produced by gallamine fulfilled their 
requirements for competitive antagonism. Since 
atropine does not possess the selectivity for the heart 
exhibited by gallamine, it was decided to re-investigate 
the anti-muscarinic effects of gallamine and to 
elucidate further the nature of its antagonism of 
cholinomimetics. 


Methods 

Guinea-pig isolated atria 

Spontaneously beating atria, or electrically stimulated 
left atria were mounted in a 10 ml organ bath filled 


with McEwen’s solution (McEwen, 1956) maintained 
at 37°C and gassed with 95% O, and 5% CO,. Left 
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atria were stimulated by a square wave stimulator at 
supramaximal voltage, 2 ms pulse duration and a 
frequency of 3 Hz. Inotropic responses of the atria were 
recorded under a resting tension of 1 g via a Grass 
force-displacement transducer, FT 03C, on a Grass 
model 79 polygraph. In some experiments with spon- 
taneously beating atria, chronotropic responses were 
monitored by a model 7P4D tachograph attachment on 


a polygraph. 
Other tissues 


Guinea-pig isolated bladder and ileum were mounted 
in a 10 ml organ bath, under the same conditions as 
the atria. Contractions of the tissue were recorded by 
a force-displacement transducer on a polygraph. 


Di-isopropylphosphorofluoridate (DFP) treatment 


Guinea-pigs were pretreated with subcutaneous 
injections of DFP for 3 consecutive days before use of 
the atria. Solutions of DFP in 0.9% w/v NaCl solution 
(saline) were prepared immediately before injection, 
each animal receiving 5 mol/kg on the first and third 
day and 2.5 mol/kg on the second day. On the fourth 
day, 24h after the last injection, animals were killed 
and the atria removed for isolated tissue experiments 
or cholinesterase determinations. 


Cholinesterase determinations 


Cholinesterase activity was determined by the pH- 
Stat method, using a Radiometer Automatic Titrator 
as described previously (Clark & Mitchelson, 1974). 
The substrate used was ACh (1 mM) and the titrant 
was NaOH (5 mM). In experiments to determine the 
anticholinesterase activity of gallamine, gallamine was 
incubated with the tissue for 20min before the 
addition of substrate. Results are expressed as pmol 
NaOH g`’ min™!. 


Experimental design 


In all experiments agonists were added for a period 
sufficient to ensure that the response to the 
administered concentration of drug had reached its 
maximum. For acetylcholine and adenosine 
triphosphate (ATP) a contact time of up to 1 min with 
the tissue was usually found sufficient together with a 
cycle time of 3 minutes. For CCh a contact time of 
2 min was usually required with a cycle time of 5 
minutes. 

With these regimens, constant responses to agonists 
were obtained at least in duplicate. Responses were 
considered constant when 2 responses expressed as % 
inhibition differed by no more than 5%. Constant 
responses to at least 3 concentrations of agonist lying 
on the linear portion of the log dose-response line were 
obtained before addition of any antagonist. Following 


incubation with antagonists, responses to agonists 
were again obtained in duplicate, the duplicate 
response being recorded 15—30 min after the initial 
response. This procedure ensured that equilibrium 
conditions had been reached in the presence of the 
antagonist. The initial incubation period with the 
antagonist was 60 min for atropine and 20 min for 
gallamine or homatropine. The antagonist was 
replaced in the tissue bath fluid immediately after 
washing of the tissue. In experiments carried out in the 
presence of propranolol, the adrenoceptor antagonist 
was added to the bathing fluid reservoir at the 
beginning of the experiment. 

In experiments involving combination of gallamine 
with atropine, responses in the presence of atropine 
alone were always determined first after establishment 
of a dose-response line to the agonist. Particular care 
was taken to ensure that the dose-ratio produced by 
atropine was determined under equilibrium conditions 
as described above. Gallamine (0.11 mM) was then 
added and following a further 20 min incubation, a 
third dose-response line was determined under 
equilibrium conditions in order to calculate the dose- 
ratio produced by the combination of the two 
antagonists. 

In isolated bladder and ileum experiments, at least 3 
concentrations of the agonist which produced between 
20% and 80% of the maximum contractile response of 
the tissue were employed, both in the control period 
and after the addition of the antagonist. 


Dose-ratio determinations 


Linear regression lines were fitted by the method of 
least squares to the linear portion of the log dose- 
response relationship both in the control period and 
when the antagonist was present. Dose-ratios were 
obtained by calculating the concentration of agonist 
producing 50% inhibition of the contraction or rate of 
the atria (or 50% of the maximum contractile response 
in bladder and ileum) in the absence and presence of 
antagonist. 


Statistical comparisons 


Student’s ¢ test (2-tailed) was used to compare groups 
of data, unless otherwise stated. 


Drugs 


The drugs used were: acetylcholine chloride (Sigma), 
adenosine-5’-triphosphate (ATP) (Boehringer), 
atropine sulphate (Knoll, Sigma), carbachol (CCh) 
(Koch-Light), diisopropylphosphorofiuoridate (DFP) 
(Sigma), gallamine triethiodide (May & Baker), 
homatropine hydrobromide (Sigma), mecamylamine 
hydrochloride (Merck, Sharp & Dohme), nicotine 
hydrogen tartrate (BDH), propranolol hydrochloride 


(ICT). 
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Figure 1 


OTIMM TIMM 


The effect of gallamine 0.11 and 1.1 mM on the negative inotropic response to adenosine-5'- 


triphosphate (ATP) 20 um (W) and 50 um (A) In an electrically stimulated left atrium of the guinea-pig. Time 
marker indicates 4s at fast recording speed and 24 s at slow recording speed. 


0.1 1 10 pM ACh 


Hil 


0.1 1 10 uM CCh 


Figure 2 The typical effect of gallamine on negative 
inotropic responses to (a) acetylcholine (ACh) and (b) 
carbachol (CCh) In electrically stimulated isolated 
atria of guinea-pig. Graphs are the results from a 
single experiment with each agonist and show the 
parallel displacement of the dose-response line to the 
agonist by increasing concentrations of gallamine 
(1.1 uM—-1.1 mM). The polnts show the dose- 
response relationship obtained for each agonist In the 
absence of gallamine (@), and in the presence of 
gallamine 1.1 uM (MM), 11 uM (A), 0.11 mM (©) and 
1.1mM (QO). The slopes of the regression lines 
obtained with each agonist In the presence of 
gallamine do not differ significantly {P > 0.06) from 
those obtained for each agonist In the absence of 
antagonist. 


VW 


Results 
Isolated atrial preparations 


Effect af gallamine. Gallamine produced a transient 
increase in contractility which did not persist 
throughout the initial incubation period. With a con- 
centration of O.limmM the initial increase in 
contractility was of the order of 10—20% but within 
10—15 min the response had returned to pre-gallamine 
levels. The lack of any permanent effect on con- 
tractility may be seen in Figure 1. Similarly, in 
spontaneously beating preparations  gallamine 
0.11 mM produced a transient positive chronotropic 
response of the order of 10%. 


Effect of gallamine on responses to acetylcholine or 
carbachol, In isolated driven left atria, gallamine 
(1.1 uM—1.1 mM) inhibited the negative inotropic 
responses to ACh or CCh. Gallamine produced 
parallel rightward shifts of the dose-response curve to 
either agonist, with no depression of the maximum 
response (Figure 2). However, gallamine at higher 
concentrations produced a lesser degree of 
antagonism than would be expected for a competitive 
antagonist, the degree of antagonism appearing to 
reach a limiting value at high concentrations which is 
more marked for ACh than for CCh. This can be 
readily seen when the results are plotted as a function 
of log [gallamine] against log (dose-ratio—1) (Figure 
3). When a linear regression line was fitted to the 
results for CCh, the slope of the line (0.78) was found 
to be significantly less (P< 0.02) than a theoretical 
value of 1.0 expected for competitive antagonism. In 
the case of ACh, where the slope was 0.46, the 
difference was highly significant (P < 0.005). 

Similar results were obtained in spontaneously 
beating preparations when either inotropic or 
chronotropic responses were monitored. Using CCh 
as agonist there was no significant difference 
(P>0.05) between the geometric mean dose-ratios 
obtained for negative inotropic responses in stimulated 
and spontaneously beating atria at any concentration 
of gallamine (1.1 uM—1.1 mM) investigated (Table 1). 
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1000 


Gallamine (um) 


Figure 3 Effect of gallamine on negative inotropic 
responses of electrically stimulated atria to 
acetylcholine (ACh) (@) or carbachol (CCh) (W). Each 
point represents the mean of the log (dose-ratio— 1) 
produced by a given concentration of gallamine, in 
four experiments with ACh as agonist. The number of 
experiments with CCh as agonist is shown in 
parentheses alongside each point. The vertical lines 
Indicate s.e. mean, and where they are not shown 
they lie within the dimensions of the symbols. 


Similarly, dose-ratios obtained with gallamine against 
negative chronotropic responses produced by CCh did 
not differ significantly (P > 0.05) from those obtained 
for the negative inotropic response in electrically 
stimulated atria (Table 1). With ACh as agonist, 
gallamine also produced similar effects on negative 


Table 1 
(CCh) in atria! preparations 
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Figure 4 Comparison of the inhibitory effect of 
gallamine on negative inotropic responses to 
acetylcholine (ACh) in electrically stlmulated atria 
from control guinea-pigs (©) and in atria from animals 
pretreated with di-/sopropylphosphorofluoridate 
(DFP, 12.5 pmol/kg over 3 days) (@). Each point for 
the latter curve is the mean of 5 experiments. The 
curve obtained with untreated animals is that shown 
In Figure 3. Other details as In Figure 3. 


inotropic responses to the agonist in both preparations 
(Table 1). 


Effect of gailamine on responses to nicotine. 
Gallamine (1—11 pM) did not affect the positive 
inotropic response of electrically stimulated atria to 
nicotine (6—30 uM). 


Effect of gallamine on responses to ATP. Gallamine in 
concentrations up to 1.1 mM had no effect on negative 
inotropic responses to ATP (0.01—1 mM) (Figure 1). 


Comparison of the dose-ratios obtained with gallamine using either acetylcholine (ACh) or carbachol 


Dose-ratio produced by 
Preparation Response _ gallamine 0.11 mat Ptt 
CCh ACh 

Electrically Inotropic 60.8 (6) 34.6 (4) <0.05 
stimulated (47.4—77,9) (26.9 —44.4) 

Spontaneously Inotroplc 62.2 (6) 40.1 (8) <0.01 
beating (51.5 —74.9) (30.0—53.6) 

Chronotropic 76.6 (6) — 
(37.3— 153.4) 


t Results are shown as geometric means (number of observations) together with the 95% confidence limits in 
parentheses below each mean. There Is no significant difference (P > 0.05) between any dose-ratio obtained 


with any one agonist. 


tt P is the probability of the differance between values for CCh and ACh. 
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lHustratlon of the results obtained from an 
experiment measuring the negative Inotropic 
response to acetylcholine (ACh) in electrically 
stimulated atria obtained from guinea-pigs pretreated 
with di-/sopropylphosphofluoridate (DFP). Each point 
is the mean response from at least 2 determinations 
in the absence of any antagonist (@), In the presence 
of atropine 0.4 um (A) and Jn the presence of atropine 
(0.4 pM) plus gallamine 0.11 mM (M). Note that the 
combination of atropine plus gallamine has resulted 
in a lesser degree of antagonism than that occurring 
in the presence of atropine alone. 


Figure 5 
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Effect of DFP. ïn electrically stimulated atria obtained 
from animals pretreated with DFP, responses to ACh 
were potentiated 3.75 fold. The mean ED. 
(geometric) for ACh in untreated atria was 0.178 pM 
(95% confidence limits; 0.139—0.228, 19 experiments) 
and the corresponding value obtained in atria from 
DFP-treated animals was 0.047 uM (0.037-~-0.060, 
28). However the dose-ratios produced by gallamine 
in these atria where acetylcholine was used as the 
agonist did not differ significantly (P>0.05) at any 
concentration investigated from those obtained in atria 
from control animals (Figure 4). 


Effect of propranolol. Similarly, the effect of gallamine 
on negative inotropic responses to CCh obtained in 
the presence of propranolol (17 uM) did not differ 
from controls. 


Effect of other antagonists. The effect of homatropine 
(1 »M—0.3 mM) on negative inotropic responses to 
CCh in electrically stimulated atria was investigated. 
The relationship between logi[homatropine] and log 
(dose-ratio— 1) was found to be a straight line of the 
type expected for a competitive antagonist, that is, 
with a slope (1.02) which did not differ significantly 
from 1.0 (P>0.5). The geometric mean dose-ratios 


Table 2 Dose-ratios produced by atropine (0.01—0.4 uM) and gallamine (0.11 mM) alone and in 


combination, with acetylcholine as agonist* 


Atropine Gallamine Experimental Expected 
concen- Atropine (0.11 mM} combination combination 
Preparationt tration dose-ratio dose-ratio dose-ratio dose-ratioa Ptt 
(n) (um) (DRac} (DR ap) (DR acg) (DRac + DRag— 7) 
Spontaneous 0.01 11.5 40.1 (8) 51.7 50.8 NS 
(4) (10.7—12.4) (30.0-—-53.8) (43.2—-61.8) 
Spontaneous 0.1 100.9 93.9 140.0 <0.025 
(3) (54.9—185.5) (65.5~134.6) 
Spontaneous 0.2 208.4 163.4 247.5 <0.025 
(6) (186.7—232.6} (118.3-229.5} 
Stimulated 0.4 636.2 34.6 (4) 363.2 669.8 <0.025 
(4) (491.8-823.0) (26.9—44.4) (206.2—638.3) 
Stim/DFP 0.05 28.4 24.7 (5) 36.4 52.1 <0.0005 
(3) (24.3-—33.3) (12.9—47.0) (34.8—38.0) 
Stim./DFP 0.2 247.5 193.7 271.2 <0.05 
(3) (217.6—-281.6) (131.6-285.2) 
Stim./DFP 0.4 547.2 351.2 570.9 < 0.05 
(3) (173.2—1728.0) (172.7-~-714.0) 


* Dose-ratlo quoted are the geometric mean dosge-ratios obtained together with the 95% confidence limits 
in parentheses below each mean value. The dose-ratio listed for gallamine alone Is the geometric mean 
dose-ratio (plus no. of determinations and 95% confidence limits) obtained in separate experiments. The 
‘axpected combination dose-ratio’ is the expected dose-ratio which would be obtained if both antagonists 


acted competitively (Paton & Rang, 1965). 


t Spontaneous = inotropic response in spontaneously beating whole atria, stimulated =electrically stimulated 
left atria, Stim/DFP=electrically stimulated left atria obtained from animals pretreated with DFP, (n)=number 


of experiments. 


TTP denotes the level of significance associated with a ¢ test (one-talled) for whether DRacp < 
(DRac + DRag—1). NS=not significant. 


328 A.L. CLARK & F. MITCHELSON 


obtained with homatropine 1, 10, 100 and 300 uM 
were 15.6 (95% confidence limits 11.6—21.0, 3 experi- 
ments); 121.2 (97.3—251.9, 3); 1357 (985.8—1867, 3) 
and 4910(2117—11390, 3) respectively. 


Experiments with combinations of antagonists. The 


effect of gallamine (0.11 mM) was investigated in the 
presence of various concentrations of atropine in 
either spontaneously beating or electrically driven 
atria. 

With ACh as the agonist and using electrically 
stimulated atria from either normal or DFP-pretreated 
animals a combination of atropine plus gallamine 
always produced a lesser degree of antagonism than 
that expected for a combination of 2 competitive 
antagonists (Figure 5 and Table 2). This effect was 
also observed in spontaneously beating atria (Table 2). 
In all cases this effect was most marked when higher 
concentrations of atropine were employed. With a 
concentration of 0.4 uM atropine addition of gallamine 
always produced a leftward shift of the dose-response 
line obtained in the presence of atropine (Figure 5). 
The same phenomenon was frequently observed with 
0.1-0.2 uM atropine. 

With CCh as the agonist, addition of gallamine in 
the presence of atropine produced a further rightward 
shift of the dose-response line, the resulting shift being 
of a similar order or less than that expected for 
combination of 2 competitive antagonists (Table 3). 


Cholinesterase determinations 


Gallamine. Gallamine 1 uM only slightly reduced the 
rate of hydrolysis of 1mM ACh from 2.21+0.24 
(6) umol NaOH g~! min`! (mean + s.e. mean, number 
of observations) to 1.76+0.15 (6) but gallamine 1 mm 
reduced the rate by 50% to 1.11+0.13 (6). 


DFP. The rate of hydrolysis of 1 mM ACh by atrial 
homogenates from untreated animals was found to be 
2.15+0.19 (4)umol NaOH g`! min`! (mean+s.e. 
mean, no. of observations). In atria obtained from 
DFP-treated animals the corresponding rate was 
0.55+0.08 (6) zmol NaOH g~! min~!. Pretreatment 
of animals with DFP resulted therefore in a 74% 
reduction in the rate of hydrolysis of ACh. 


Other tissues 


In guinea-pig isolated bladder and ileum, gallamine 
(1.1 uM—0.1] mM) had little inhibitory effect on 
contractile responses to ACh or CCh. With CCh as 
the agonist in ileum, gallamine (0.11 mM) produced a 
mean dose-ratio of 6.9 (95% confidence limits 
2.5—19.3, 3 observations) and with ACh as the 
agonist the dose-ratio was 1.4 (0.6—3.2, 3). Similar 
findings were made in guinea-pig bladder. The value 
for CCh was 2.4 (2.1-2.8, 3) and for ACh was 1.4 
(0.36.4, 3). 


Discussion 


It has been repeatedly shown that gallamine 
antagonizes the effects produced by ACh, 
methacholine (MCh) or stimulation of the vagus nerve 
to the heart in vitro (Riker & Wescoe, 1951; Della 
Bella et al., 1961; Brown & Crout, 1968; Rathbun & 
Hamilton, 1970). Our investigations have reconfirmed 
that in isolated atria of the guinea-pig, gallamine 
inhibits the negative inotropic and chronotropic 
responses produced by ACh or CCh. Della Bella et al. 
(1961) suggested that gallamine may produce its 
effects by a blockade of ganglionic transmission. 
However, this is unlikely to be the explanation of the 


Table3 Dose-ratios produced by atropine (0.05—0.4 um) and gallamine (0.11 mM) alone and in combination, 
with carbachol as the agonist in electrically stimulated atria. 


Number Atropine Gallamine Experimental Expected 
of concen- Atropine (0.11 mm) combination combination 
experiments tration dose-ratio dose-ratio dose-ratio dose-ratio P 
{um} (DRac) (DR ag) (DR ace! (DR act DR ag—1) 
4 0.05 74.3 60.8 (6) 144.7 134.1 NS 
(54.2—101.7)  (47.4—77.9) (83.8-—260.2) 
4 0.1 100.2 113.2 160.0 <0.01 
(97.5—103.0) (93.3—137.6) 
3 0.2 171.6 195.4 231.4 NS 
(114.1—258.2) (125.4--304.3) 
3 0.4 497.0 548.7 556.8 NS 
(41 1.4—600.5) (216.0—139.4) 


t Same details as for Table 2. 


~~ 
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findings reported here as gallamine in concentrations 
up to 11 uM, did not antagonize responses to nicotine 
and in preliminary experiments mecamylamine 
(20 uM) had no effect on responses to CCh although it 
completely blocked positive and negative inotropic 
actions of nicotine. A non-specific antagonism of 
cardio-inhibitory agonists is excluded also because 
negative inotropic responses to ATP were not affected 
by gallamine in concentrations up to 1.1 mM. 

Gallamine thus appears to have an antimuscarinic 
action in the atria, and exhibits some characteristics of 
a competitive antagonist as it produces parallel 
rightward shifts of the log dose-response curve to ACh 
or CCh, with no depression of the maximum response. 
However, when the results are plotted as a function of 
log(gallamine] against log(dose-ratio— 1) the resultant 
plot differs from that expected with a competitive 
antagonist, that is a straight line with a slope of 1.0 
(Arunlakshana & Schild, 1969). In the case of 
gallamine, the dose-ratios produced with the higher 
concentrations tend towards a limiting value and the 
upper part of the curve no longer follows’ a linear 
relationship. This effect was observed with either 
electrically stimulated or spontaneously beating atria 
and in the latter when either inotropic or chronotropic 
responses were monitored. Thus it is not due to any 
artifact brought about by electrical stimulation or to 
possible interference in the magnitude of inotropic 
responses by concomitant changes in spontaneous 
rate (Koch-Weser & Blinks, 1963). 

Gallamine was found to be a much less potent 
antagonist than atropine, a concentration of 1mM 
gallamine producing similar dose-ratios to those 
obtained with 0.1—0.2 uM of atropine when CCh was 
the agonist. It may be suggested that with the higher 
concentrations of gallamine employed (>0.1 mM) 
some other action of gallamine is reducing its 
effectiveness as a muscarinic antagonist and thus 
causes the decrease in the slope of the ‘Arunlakshana- 
Schild’ curves. For example, gallamine at high con- 
centrations might depress atrial activity non- 
specifically and thereby facilitate drugs such as 
cholinomimetics which inhibit atrial contractility. 
However, gallamine did not directly depress con- 
tractility or rate and furthermore had no effect on the 
inhibitory response to ATP. Again, it may be 
suggested that high concentrations of all competitive 
antagonists may decrease the slope of the 
‘Arunlakshana-Schild’ plot. However, homatropine, 
when used in comparable concentrations 
(1 uM—0.3 mM) to those employed with gallamine 
gave rise to larger dose-ratios as well as a linear 
‘Arunlakshana-Schild’ plot. 

Gallamine has been reported to possess anti- 
cholinesterase activity in high concentrations 
(Todrick, 1954), and in the atria, gallamine 1 mM 
reduced the rate of hydrolysis of ACh by 50%. As 
such anticholinesterase activity would counteract the 
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antimuscarinic action of gallamine at high con- 
centrations it is of interest that responses to CCh are 
not potentiated by pretreatment of the animals with 
DFP (Madden & Mitchelson, 1975) indicating that 
CCh does not mediate its action by releasing 
endogenous ACh. Also the anticholinesterase activity 
of gallamine cannot account for the smaller dose- 
ratios obtained when ACh was the agonist in place of 
CCh. Pretreatment with DFP, although inhibiting 
hydrolysis of ACh by 74%, did not markedly affect 
the maximum dose-ratio produced by gallamine 
against ACh. However, the anticholinesterase activity 
of gallamine may have been responsible for the 
observation that concentrations of 0.5-1 mM 
gallamine always produced smaller dose-ratios than a 
concentration of 0.2mM as this effect was not 
observed after DFP pretreatment (Figure 4). 

Another consideration is that CCh in high con- 
centrations may release catecholamines (Barnett & 
Benforado, 1966; Léffelholz, 1970). However, such a 
release would reduce the effectiveness of CCh in 
producing negative inotropic responses at high con- 
centrations and be manifested as an apparent increase 
in the dose-ratios produced by gallamine. 
Furthermore, gallamine itself may release catechol- 
amines (Brown & Crout, 1968), which would also 
increase its effectiveness as an inhibitor of 
cholinomimetics. The presence of propranolol did not 
alter the dose-ratios indicating that sympathomimetic 
effects were not contributing to the inhibitory activity 
of gallamine on responses to cholinomimetics. 

One explanation of findings reported here is that 
gallamine is acting allosterically to inhibit ACh or 
CCh. Antagonists which interact at a site which is 
distinct from but interdependent with the binding sites 
for agonists and cause a reduction in the affinity of 
agonists for their binding sites have been discussed by 
Ariéns, Van Rossum & Simonis (1956; 1964). Such 
an effect has recently been termed ‘metaffinoid 
antagonism’ (Offermeier & van den Brink, 1974). Like 
competitive antagonists and unlike noncompetitive 
antagonists of the ‘mectactoid’ type (Offermeier & van 
den Brink, 1974) a metaffinoid antagonist produces 
parallel shifts of the dose-response curve to the agonist 
without depression of the maximal response. However, 
metaffinoid antagonists differ from competitive 
antagonists in that their inhibitory activity at high con- 
centrations reaches a limiting value when the 
antagonist has occupied all its available binding sites. 
The fact that gallamine at high concentrations 
produces greater inhibition of responses to CCh than 
to ACh would indicate that binding of these 2 agonists 
to the muscarinic receptor can be differentiated by 
metaffinoid antagonists. 

The results from experiments involving combination 
of atropine and gallamine are also explainable in terms 
of gallamine being a metaffinoid antagonist. Such an 
antagonist will also affect the affinity of competitive 
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antagonists for the muscarinic receptor and if the 
binding sites of competitive antagonists differ partly 
from those of agonists as has been suggested (Burgen, 
1965) then metaffinoid antagonists may alter the 
affinities of agonists and competitive antagonist to 
differing extents. Thus using ACh as the agonist 
gallamine always reduced the degree of inhibition 
produced by atropine (Table 2 & Figure 5) suggesting 
that gallamine was reducing the affinity of atropine for 
its binding sites to a greater extent than it affected the 
affinity of ACh. 

It should be noted that Stephenson & Ginsborg 
(1969) and Ginsborg & Stephenson (1974) have 
shown that combination of a fast-acting competitive 
antagonist with a slow-acting competitive antagonist 
may also lead to a reduction in the dose-ratio rather 
than an increase under certain conditions. Although 
gallamine acts more rapidly than atropine this does 
not appear to be the explanation in these experiments 
since Stephenson & Ginsborg (1969) found that the 
effect was only manifested when the agonist occupied 
a large proportion of the available receptors, that is, it 
functioned as a partial agonist. However, the 
experiments reported here with gallamine were 
conducted using ACh, a full agonist. 

In the case of CCh, using gallamine and atropine in 
combination, the results (Table 3) indicate that 
gallamine reduces the affinity of both CCh and 
atropine to a similar extent. Although the combination 
dose-ratio is close to that predicted for two 
competitive antagonists, gallamine could also be 
acting as a metaffinoid antagonist which is 
equieffective against both CCh and atropine. 

Previous workers such as Riker & Wescoe (1951) 
and Brown & Crout (1968) have concluded that 
gallamine has an atropine-like action on the heart 
because it inhibits negative inotropic and chronotropic 
responses to cholinomimetics in this tissue. Rathbun 
& Hamilton (1970), in a more extensive investigation, 
also concluded that gallamine was a competitive 
antagonist at muscarinic receptors for three reasons. 
Firstly, gallamine produced parallel rightward shifts of 
the dose-response curve to the cholinomimetic, with 
no depression of the maximum response. Secondly, 
Lineweaver-Burk plots of the effect of gallamine 
suggested that the antagonism was competitive. 
However, since Lineweaver-Burk plots involve the use 
of reciprocal values, they are not ideally suited for dis- 
tinguishing between competitive and metaffinoid 
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PROSTAGLANDIN ANTAGONISM BY SODIUM 
p-BENZYL-4-[1-OXO-2-(4-CHLOROBENZYL)- 
3-PHENYLPROPYLIPHENYL PHOSPHONATE (N-0164) 
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1 The ability of sodium p-benzy!l-4-[1-oxo-2-4-chlorobenzyl)-3-phenylpropyl]phenyl phosphonate 
(N-0164) to antagonize contractions produced by prostaglandins E, and F», on isolated preparations 
of gerbil, rat and guinea-pig gastrointestinal muscle has been studied. 

2 N-0164 was found to be a potent, partially selective prostaglandin antagonist in these isolated 
smooth muscle preparations. The blockade produced by N-0164 in the isolated stomach strip of the 
rat had some, but not all, the characteristics of a competitive antagonism. 

3  N-0164 produced a dose-dependent decrease in tone in the rat stomach strip that was abolished by 
pretreatment of the preparation with indomethacin. 

4 N-0164 prevented diarrhoea induced by prostaglandin E, in mice when given by intraperitoneal 
injection but was less effective when given orally. 

s N-0164 inhibited oedema induced with croton-oil and pyridine-ether in the mouse ear. 

6 N-0164 delayed the onset of erythema following ultraviolet irradiation of guinea-pig skin only 
when an equimolar amount of pralidoxime chloride was added to the vehicle. 

7 It is concluded that N-0164 is a potent, partially selective prostaglandin antagonist on several 
isolated smooth muscle preparations. N-0164 exhibits activity in vivo particularly following local 


application when problems associated with penetration and distribution are minimized. 


Introduction 


Prostaglandin antagonists are compounds which 
selectively interfere with the actions of prostaglandins 
as opposed to compounds such as aspirin and 
indomethacin which are known to interfere with the 
formation of prostaglandins by inhibition of the 
enzyme complex known as prostaglandin synthetase 
(Ferreira, Moncada & Vane, 1971; Smith & Willis, 
1971; Vane, 1971). 

The prostaglandin antagonists available at the 
present time belong to three chemically unrelated 
Classes, 7-oxaprostagiandins (Fried, San- 
thanakrishnan, Himizo, Lim, Ford, Rubin & 
Grigas, 1969), dibenzoxazepine hydrazides (Sanner, 
1969) and certain polymers of phloretin phosphate 
(PPP) (Eakins, Karim & Miller, 1970). The pro- 
staglandin antagonist activity of PPP was found to 
reside in the low molecular weight material (Eakins, 
1971) and a number of compounds related to the 
monomers and dimers of PPP were synthesized and 
shown to possess prostaglandin antagonist activity 
(Eakins, Fex, Fredholm, Hogberg & Veige, 1972). A 
further series of phenyl phosphonates was synthe- 
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sized of which sodium p-benzyl-4-[1-oxo-2-(4- 
chlorobenzyl)-3-phenylpropyi|phenyl phosphonate 
(N-0164, Figure 1) is an example. In the present study 
we describe the activity and selectivity of N-0164 as a 
prostaglandin antagonist on some smooth muscle 
systems in vitro. In addition, we have investigated the 
activity of this compound In vivo against prostaglandin 
E,-induced diarrhoea by different routes of 
administration and the effectiveness of N-0164 as a 
topical anti-inflammatory agent. 
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Figure 1 Chemical structure of N-0164. 
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Methods 
In vitro smooth muscle preparations 


Muscle contractions were measured isotonically with 
a Brush isotonic muscle transducer coupled to a 
Heath Servorecorder (Model EU20B). 


Gerbil colon. Gerbils (Meriones shawi) weighing 
between 50 and 150g were stunned and bled. The 
middle part of the ascending colon was removed and 
suspended in a 5 ml organ bath containing de Jalon’s 
rat colon solution (Ambache, Kavanagh & Whiting, 
1965) at 28°C gassed with O,. A dose-cycle of 3 to 4 
min and a contact time of 2 min was used for all the 
agonists studied. 


Guinea-pig ileum. The animals were stunned and 
bled. Segments of ileum were suspended in a 5 ml 
organ bath containing Tyrode solution at 37°C gassed 
with 5% CO, in O, A dose-cycle of 3 min and a 
contact time of 1 min was used for all agonists. 


Rat fundus. Strips of rat fundus were prepared 
according to Vane (1957). The preparations were 
suspended in Krebs solution at 37°C bubbled with 5% 
CO, in O.. 


Experimental procedure. The activity and selectivity 
of the prostaglandin-blockade produced by N-0164 
was determined by measuring the effect of the 
antagonist on contractions produced by a constant 
dose of various agonists. Doses of each agonist were 
chosen to yield a contraction between 40—60% of 
maximum. Constant responses were then established 
and N-0164 added to the bathing fluid and left in 
contact for 2 min before the addition of each agonist. 
The concentration of N-0164 was then increased 
stepwise until the contractions produced by the pro- 
staglandins were antagonized approximately 100%. In 
a separate series of experiments on the rat fundus 
preparation, three point dose-response curves were 
established for each agonist in the absence and 
presence of the antagonist following a 15 min contact 
period. Horizontal shifts of the dose-response curves 
were measured at the level of the ED, and the dose- 
ratio calculated. The plot of log (dose-ratio— 1) 
against the negative log of the molar concentration of 
N-0164 was made according to Arunlakshana & 
Schild (1959) and the pA, value determined 
graphically. 


In vivo studies 


Inhibition of prostaglandin-induced diarrhoea. 
Unfasted Swiss Webster mice, weighing between 
16—18 g were used in groups of 10 animals. Pro- 
staglandin E, (5Opg/kg ip.) produced diarrhoea 
within 30 min in 95% of the animals. Other groups of 


animals were pretreated with various doses of N-0164 
dissolved in 0.2 ml 0.9% w/v NaCl solution (saline) 
administered either orally or by intraperitoneal 
injection. Control animals were pretreated with an 
equal volume of saline. The dose of N-0164 required 
to protect 50% of the animals from diarrhoea (ED,,) 
was Calculated. 


Croton oil-induced ear oedema. Male Sprague- 
Dawley rats (50—100 g) were divided into groups of 6 
animals. N-0164 was dissolved in saline and added to 
a mixture containing 4 parts pyridine and 5 parts ether 
containing 4% croton oil. The mixture was then added 
to one ear of each animal as described by Tonelli, 
Thibault & Ringler (1965). Control ears received the 
mixture without N-0164. Six hours later the animals 
were killed and a uniform tissue sample (No. 8 biopsy 
punch) taken from each ear and weighed. The 
difference in weight between biopsies taken from 
treated and control ears was then determined. 


Guinea-pig u.v. erythema. Hartley guinea-pigs 
(male) were depilated 18 h before the start of the test. 
Animals were divided into groups of four and given a 
standard 30s burn with a 360 W mercury vapour arc 
tube filtered with a vycor filter placed 11 cm from the 
animals’ backs. Prior to burning, each animal was 
covered with a rubber sheet with two standard holes 
(1—2 cm in diameter) for exposure of the skin to the 
light. Following the burn, each animal was treated 
topically with an appropriate solution over the entire 
shaved surface. In the initial experiments the animals 
were either treated with a control vehicle (90% 
polyethylene glycol in H,O) or different con- 
centrations of N-0164 prepared in the polyethylene 
glycol vehicle. 

Each animal was scored every hour for 6h 
following treatment with each spot being scored 
according to the following scale: O=no observed 
redness; l=reddish tint without distinct outline; 
2=definite outline of reddish tint; 3= bright red; 
4=small blister development. 


Results 


The ability of N-0164 to reduce submaximal 
responses produced on the isolated gerbil colon and 
rat stomach strip by a variety of agonists was studied. 
The antagonist was added to the organ bath 2 min 
before each agonist and was present during the 
induced contraction. N-0164, 0.5 to 2 pg/ml (1 uM to 
3.8 uM), antagonized responses to prostaglandins E, 
and F., of the gerbil isolated colon (Figure 2). At the 
higher concentrations of N-0164, contractions 
produced by angiotensin and bradykinin were 
depressed, although to a lesser extent than those 
produced by either prostaglandin. Contractions 
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Figure 2 Effect of N-O164 on contractions produced by acetylcholine (ACh), prostaglandins E, and F,, (E, 
F,.). angiotensin (Ang) and bradykinin (Bk) on the gerbil isolated colon. Each column represents the mean 
value, vertical bars the s.e. mean. Numbers of experiments In parentheses. 
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Figure 3 Effect of N-O164 on contractions produced by potassium chloride (KCI), prostaglandins E, and F g 
(E, Fz), acetylcholine (ACh) and 5-hydroxytryptamine (5-HT) on the stomach strip of the rat. Each column 
represents the mean value, vertical bars the s.e. mean. Numbers of experiments In parentheses. 


produced by acetylcholine were not significantly 
reduced at any dose-level of N-0164. On the rat 
stomach strip preparation, contractions produced by 
prostaglandins E, and F, were markedly depressed 
by N-0164 at concentrations (0.19uM to 3.8 uM) 
which did not consistently depress responses produced 
by acetylcholine. Some depression of responses 
produced by potassium chloride was noted at the 
higher dose-levels of N-0164 and these higher con- 
centrations of N-0164 reduced responses produced by 


5-hydroxytryptamine by some 30—40% (Figure 3). In 
all preparations the tone of the rat stomach strip 
preparation was reduced by N-0164 in a dose- 
dependent manner (Figure 4). In all experiments the 
responses to the agonists and in most experiments the 
baseline tone of each preparation returned to normal 
some 30min after removal of N-0164 from the 
bathing fluid. 

In six further experiments, preparations of the rat 
stomach strip were suspended in Krebs solution 
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Figure 4 Rat isolated stomach strip. Effect of N- 
0164 (1 ug/ml) on contractions produced by 
potassium chloride (KCI), prostaglandins E, and F,, 
(E Fa} acetylcholine (ACh) and  6-hydroxy- 
tryptamine (5-HT). Note the fall In baseline tension 
following the introduction of N-0164 Into the bathing 
medium. 


containing indomethacin (1 g/ml) and in these pre 
parations, N-0164 failed to reduce the tone at any 
dose-level (up to 5 pg/ml N-0164), although addition 
of isoprenaline (2 ug/ml) decreased the tone, 
indicating that the tissue was not fully relaxed in the 
presence of this concentration of indomethacin. 


Experiments carried out on the guinea-pig isolated 
ieum showed that N-0164 was a potent antagonist of 
prostaglandin E, with an IC,, value of 6.1 nM, as 
compared to values of 0.84 uM on the gerbil colon and 
0.38 uM on the rat fundus preparation. 

The antagonism by N-0164 of the responses of the 
rat stomach strip preparation to prostaglandins E, and 
F,, appeared to be characteristic of a competitive 
antagonism, since in addition to the antagonism being 
reversible, parallel displacement of the dose-response 
curves to the right, without alteration of the maximum 
response produced by either prostaglandin E, or Fa» 
was observed over a wide range of antagonism. 
However, the shift of the dose-response curves to the 
right was not proportional to the increase in con- 
centration of the antagonist. The dose-ratios for 
various agonists in this preparation at different con- 
centrations of N-0164 are seen in Table 1. Dose-ratios 
of 138 and 153 were obtained for prostaglandins E, 
and F,, respectively, in the presence of 9.5 uM N- 
0164, whereas the dose-ratio for 5-hydroxy- 
tryptamine was 10.95 and that for acetylcholine was 
essentially unaltered. The results from these 
experiments were plotted according to Arunlakshana 
& Schild (1959). This plot gave a pA, value of 6.7 for 
N-0164 against prostaglandin E, and 6.4 against pro- 
staglandin F.,,. The slope of the calculated regression 
line was —1.25 against prostaglandin E, and —1.45 
against prostaglandin F,,. 

Intraperitoneal injections of N-0164 dissolved in 
saline alone were found to prevent the diarrhoea 
produced in mice by the intraperitoneal injection of 
prostaglandin E,. The ED,, for N-0164 given by this 
route of administration was found to be 55 mg/kg. N- 
0164 was less active when given orally, with an ED,, 
of 105 mg/kg. 

N-0164 was found to inhibit chemically induced 
irritation (croton oil and pyridine-ether) in the mouse 
ear (Table 2). A minimum concentration of 1% N- 
0164 was required to produce a significant 
(P < 0.025) inhibition of oedema. 

In other experiments, N-0164 was observed to 
delay the onset of erythema following ultraviolet 


Table 1 Antagonism of differant agonists on the rat Isolated stomach strip by N-O164 
Dose-ratio (A/a)* 

Concentrationt 

of N-0164 (um) Acetylcholine PGE, PGF aa 5-Hydroxytryptamine 
0.95 0.8 +0.1 5.01.5 3.2 +0.2 2.0+0.5 
1.9 1.07 + 0.07 17.6 +40.6 14.64+2.6 2.1+0.2 
5.7 1.6+0.2 50.754+5.3 46.1 +4.56 1142.8 - 
9.5 1.47 +0.02 13811 153 8.4 10.954 1.3 


Results shown are the mean of four experiments + s.e. mean. * A/a is the dose-ratio for each agonist calculated 
at the level of the ED,,. tf The antagonist was allowed to remain In contact with the tissue for 16 min before 
determination of the dose-ratio using 3-polnt dose-response curves. 


irradiation of guinea-pig skin. These experiments also 
demonstrated that the in vivo potency of N-0164 
depends on the vehicle used since in the normal 
polyethylene glycol vehicle routinely used in this test, 
N-0164 was inactive at the three concentrations tested 
(1, 2 and 3%). However, when pralidoxime chloride 
(2-PAM) was added to the vehicle m equimolar 
amounts to N-0164, the ability of the antagonist to 
suppress erythema was observed (Table 3). 


Discussion 


N-0164 has been found to be a potent, reversible, 
reasonably selective antagonist of contractile 
responses produced by both E and F prostaglandins 
on isolated preparations of the gerbil colon, rat 
stomach strip and guinea-pig ileum. The antagonism 
seen with N-0164 on the rat fundus had some of the 
characteristics of competitive blockade; the 
antagonism was reversible and the dose-reponse 
curves of both prostaglandins E, and F, were 
displaced to the right in parallel to a similar extent 
without any diminution of the maximum response 
over a l0-fold range of antagonist concentration. 
However, the shifts to the right of the dose-response 
curves were not proportional to the increase in con- 
centration of the antagonist. Furthermore, the plots of 
log (dose-ratio— 1) against the negative log of the 
molar concentration of N-0164 yielded regression 
lines with slopes significantly greater than the 
theoretical value of 1.0 that would be expected from a 
simple bimolecular competitive antagonism. Further 
studies are required to resolve these discrepancies. 
However, the similarities between the dose-ratios 
obtained at the 50% maximal response for both pro- 
staglandins at each concentration of N-0164 would 
suggest that prostaglandins E, and F,, share a 
common site of action on the rat fundus preparation. 

N-0164 was found to produce a dose-dependent 
decrease in tone in the rat stomach strip. This 
observation is similar to that obtained previously with 
another prostaglandin antagonist, SC 19220, on this 


Table 2 Topical antiinflammatory activity of 
N-0164 in the croton oil mouse ear oedema test 


Concentration % increase In 

of N-01 64 (%) ear weight 
0 93.5 + 5.6 (17) 
0.3 87.5+8 (15) 
1.0 72.4 + 6.3 (16)* 
3.0 49.1+4.6 (16)** 


Results expressed as mean with s.e. where a is 
number of experiments. 

*P<0.025; **P<0.005 (unpaired data, Students’ t 
test). 


Table 3 Topical anti-inflammatory activity of N-0164 In ultraviolet erythema In guinea-pigs 
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Treatment after 


Intensity of burn* 


6h 


5h 


4h 


3h 


Zh 


Th 


burn 


1.75 +0.16 (8) 2.75 + 0.16 (8) 3.0 +0 (8) 3.0 +0 (8) 3.0 +0 (8) 


1+0 (8) 


2-PAM 
Vehicle + 2% 
2-PAM + 1% N-0184 


Vehiclet+ 6% 


3.0 +0 (8) 3.0 + 0 (8) 


1.75 +0.16 (8) 2.75 +0.16 (8) 2.9 +0.13 (8) 


10 (8) 


1.5+0.19 (8) 2.5 +0.19 {8} 2.754 0.16 (8) 3.0 +0 (8) 3.040 (8) 


0.63 + 0.18 (8) 


Vehicle + 5% 
2-PAM + 2% N-0164 


0.25+0.16 (8) 0.63 +0.18 (8) 1.44+0.18 (8) 2.25 +0.16 (8) 2.5+0.19 (8) 2.88 + 0.13 (8) 


Vehicle + 6% 
2-PAM + 3% N-0164 


ghest concentration of pralidoxime chloride (2- 


* Intensity of the burn was scored as described in Methods section. t Control vehicle contalned the hi 


PAM) used. N-0164 was without effect at the three concentrations tested In the absence of 2-PAM. 
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preparation (Bennett & Posner, 1971) and supports 
the concept (Bennett & Posner, 1971; Ferreira, 
Herman & Vane, 1972; Eckenfels & Vane, 1972) that 
prostaglandins contribute to the maintenance of tone 
in this and other isolated smooth muscle preparations. 
It is of interest that this action of N-0164 differs 
qualitatively from its antecedent, PPP, which 
produced dose-dependent contractions of the rat 
stomach strip (Bennett & Posner, 1971). The 
observation that pretreatment with indomethacin 
abolished the decreased tonus produced by N-0164 in 
the present experiments, together with the observation 
that 50uM N-0164 did not inhibit prostaglandin 
synthetase derived from bovine seminal vesicles (R. 
Schroer, unpublished observations), is further evidence 
that this effect of N-0164 is mediated by blockade of 
the actions of endogenous prostaglandins. 

Contractions produced by potassium chloride but 
not acetylcholine were somewhat reduced by the 
higher concentrations of N-0164 on the rat stomach 
strip. A reduction in contractions produced by 
potassium chloride by other prostaglandin antagonists 
has been described before (Bennett & Posner, 1971). 
The reason for this is not immediately apparent. The 
reduction of contractions produced by 5-hydroxy- 
tryptamine on the rat stomach strip and angiotensin 
and bradykinin on the gerbil colon by N-0164 in the 
present experiments may reflect a degree of 
involvement of prostaglandins in contractions 
produced by these substances (Chong & Downing, 
1974; Frankhuijzen & Bonta, 1975; Crocker & 
Willavoys, 1976) but a definitive conclusion must 
await further investigation. However, it is interesting 
to note that although the dose-ratios for prostaglandin 
E, and Fx increased with increasing concentrations of 
N-0164, the dose-ratio for 5-hydroxytryptamine 
increased a certain amount and then remained 
unaltered when the concentration of N-0164 was 
approximately doubled. Under the same experimental 
conditions the dose-ratio for acetylcholine remained 
unaffected. These experiments illustrate the 
importance of studying alterations in dose-ratios 
rather than changes in the effect of a single dose of an 
agonist when investigating a pharmacological 
antagonist. 

N-0164 exhibited prostaglandin blocking activity in 
vivo. High doses were required to prevent diarrhoea 
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This work was supported in part by a grant from the 
U.S.P.H.S. (EY 00457). We thank Mrs Diane Reutter-Perez 
for excellent technical assistance and Dr John Pike of the 
Upjohn Company for generously supplying the pro- 
staglandins used in this study. 


BENNETT, A. & POSNER, J. (1971). Studies on prosta- 
glandin antagonists. Br. J. Pharmac., 42, 584—594. 

CHONG, E.K.S. & DOWNING, O.A. (1974). Reversal by 
prostaglandin E, of the inhibitory effect of indomethacin 
on contractions of guinea pig ileum induced by 
angiotensin. J. Pharm. Pharmac., 26, 129—730. 

CROCKER, A.D. & WILLAVOYS, S.P. (1976). Possible 


involvement of prostaglandins in the contractile action of 
bradykinin on rat terminal ileum. J. Pharm. Pharmac., 
28, 78-79. 

EAKINS, K.E. (1971). Prostaglandin antagonism by 
polymeric phosphates of phloretin and related 
compounds. Ann. N.Y. Acad. Sci., 180, 386--395. 

EAKINS, K.E, FEX, H, FREDHOLM, B., HOGBERG, B. & 
VEIGE, S. (1972). On the prostaglandin inhibitory action 
of polyphloretin phosphate. Advances in the Biosciences, 
9, ed Bergström, S. & Bernhard, S., pp. 135—138. 
Vieweg: Pergamon Press. 

EAKINS, K.E, KARIM, S.M.M. & MILLER, J.D. (1970). 
Antagonism of some smooth muscle actions of prosta- 
glandins by polyphloretin phosphate. Br. J. Pharmac., 
39, 556-563. 

ECKENFELS, A. & VANE, J.R. (1972). Prostaglandins, 
oxygen tension and smooth muscle tone Br. J. 
Pharmac., 45, 451-462. 

FERREIRA, S.H., HERMAN, A. & VANE, J.R. (1972). 
Prostaglandin generation maintains the smooth muscle 
tone of the rabbit isolated jejunum. Br. J. Pharmac., 44, 
328—329P. 

FERREIRA, S.H, MONCADA, S. & VANE, J.R. (1971). 
Indomethacin and aspirin abolish prostaglandin release 
from the spleen. Nature, New Biol., 231, 237-239. 

FRANKHUUZEN, A.L. & BONTA, LL. (1975). Role of 
prostaglandins in tone and effector reactivity of the 
isolated rat stomach preparation. Eur. J. Pharmac., 31, 
44—52. 

FRIED, J., SANTHANAKRISHNAN, T.S, HIMIZO, J., LIM, 
C.H., FORD, S.H., RUBIN, B. & GRIGAS, E.O. (1969). 
Prostaglandin antagonists: synthesis and smooth muscle 
activity. Nature, Lond., 223, 208-210. 

GREAVES, M.W. & SONDERGAARD, J. (1970). 
Pharmacologic agents released in ultraviolet 


PROSTAGLANDIN ANTAGONISM 339 


inflammation studied by continuous skin perfusion. J. 
Invest. Dermatol., 4, 365—367. 

MATHUR, G.P. & GHANDI, V.M. (1972). Prostaglandin in 
human and albino rat skin. J. Invest. Dermatol., 58, 
291—295. 

SANNER, J.H. (1969). Antagonism of Prostaglandin E, by 
1-acetyl-2-(8-chloro-10,11-dihydrodibenz[b,f] [1,4] 
oxazepine-10-carbonyl hydrazine (SC 19220). Arch. Int. 
Pharmacodyn. Ther., 180, 46-56. 

SMITH, J.B. & WILLIS, A.L. (1971). Aspirin selectively 
inhibits prostaglandm production in human platelets. 
Nature, New Biol., 231, 235—237. 

SMITH, W.L. & LANDS, W.EM. (1971). Stimulation and 
blockade of prostaglandin biosynthesis. J. biol. Chem., 
246, 6700—6704. 

SNYDER, D.S. & EAGLSTEIN, W.H. (1974a). Topical 
indomethacin and sunburn. Br. J. Dermatol., 90, 91—93. 

SNYDER, D.S. & EAGLSTEIN, W.H. (1974b). Intradermal 
antiprostaglandin agents: and sunburn. J. Invest. 
Dermatol., 62, 47—50. 

TONELLI, G., THIBAULT, L. & RINGLER, L (1965). A 
bioassay for the concomitant assessment of the 
antiphlogistic and thymolytic activities of topically 
applied corticoids. Endocrinology, 77, 625-634. 

VANE, LR. (1957). A sensitive method for the assay of 5- 
hydroxytryptamine, Br. J. Pharmac. Chemother., 12, 
344-349, 

VANE, J.R. (1971). Inhibition of prostaglandin synthesis as a 
mechanism of action for aspirin-hke drugs. Nature, New 
Biol., 231, 232—235. 


(Received March 2, 1976. 
Revised May 22, 1976) 


Br. J. Pharmac. (1976), 58, 341—345 


GLUTAMATE ANTAGONISTS IN RAT HIPPOCAMPUS 


M. SEGAL 


isotope Department, Weizmann Institute of Science, Rehovot, Israel 


1 Hippocampal cellular responses to acidic amino acids and some of their antagonists were 
measured in the rat anaesthetized with urethane. The effects of these antagonists on the field responses 
of the rat hippocampus to afferent stimulation were measured in acute as well as chronically prepared 
rats. f 

2 Hippocampal pyramidal cells were excited by microiontophoretic application of glutamate and 
aspartate. These responses were antagonized by glutamic acid diethyl ester (GDEE), glutamic acid 
dimethyl ester (GDME) and by proline. Partial specificity could be seen as excitatory responses to 
acetylcholine were less susceptible to the antagonists. 

3 Field responses of the hippocampus to commissural stimulation were reduced significantly in both 
an acutely prepared or the conscious rat following parenteral administration of GDEE and GDME but 
not proline. Responses to perforant path stimulation were not affected by these drugs. 


4 It is suggested that an acidic amino acid may serve as a neurotransmitter in the commissural path 


to-area CA1 of the dorsal hippocampus. 


Introduction 


The acidic amino acids, glutamate and aspartate, have 
long been suggested as putative neurotransmitters in 
the nervous system (Curtis, Duggan, Felix, Johnston, 
Tebecis & Watkins, 1972). They exert potent 
excitatory action towards neuronal action potentials 
when applied iontophoretically (Curtis ef al, 1972; 
Johnson, 1972) in nearly every part of the brain tested. 
Several antagonists to the action of glutamate have 
been suggested; glutamic acid diethyl ester (GDEE) 
among them has been reported to reduce the 
excitatory effects of glutamate without affecting 
responses to acetylcholine (ACh) in spinal cord, 
cuneate nucleus, ventrobasal thalamus, lateral 
geniculate and cerebral cortex (Curtis et al., 1972; 
Haldeman & McLennan, 1972). Furthermore, GDEE 
blocks excitatory action of input pathways to some of 
these structures when applied iontophoretically 
(Haldeman & McLennan, 1972) or parenterally 
(Stone, 1973). Glutamic acid dimethyl ester (GDME) 
is a glutamate uptake blocker (Haldeman & 
McLennan, 1973) and has been shown in various 
preparations to potentiate cellular responses to 
glutamate. Its iontophoretic application in the 
hippocampus might be expected to produce effects 
opposite to those produced by GDEE. Recently, Van 
Harreveld & Fifkova (1973) have suggested that 
proline may antagonize glutamate responses in 
chicken isolated retina and elsewhere, whereas Felix & 
Kimzle (1974) claimed that proline is a putative 


inhibitory transmitter in the cerebellum. A test of the 
efficacy of this compound in antagonizing acidic 
amino acid excitation was also attempted. 

The hippocampus receives three main extrinsic 
excitatory inputs, two of which utilize neurotrans- 
mitters of unknown species. In this study the 
responses of hippocampal cells to acidic amino acids 
were tested. An attempt was made to antagonize these 
responses with GDEE, GDME and proline and the 
suceptibility of afferent responses to these antagonists 
was tested. 


Methods 


Adult (200-300 g) male Wistar rats of a local 
breeding colony were used. Two types of experiments 
were performed using the acutely anaesthetized and 
the freely moving conscious rat. 

Rats prepared for the acute experiments were 
anaesthetized with urethane (1 g/kg) and placed in a 
stereotaxic frarme. The skin overlying the skull was 
reflected and a hole 2 mm in diameter drilled 3.5 mm 
posterior to bregma and 1.5 mm lateral to the midline 
suture. The dura was removed and the cortex covered 
with warm 3% agar. A 5-barrel micropipette 4—6 pm 
in diameter was inserted to a depth corresponding to 
that of the pyramidal cell layer of area CAI of the 
dorsal hippocampus. A bipolar concentric electrode 
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was inserted at a similar point in the contralateral 
hippocampus. Another electrode was placed in the 
entorhinal cortex, the source of the perforant path to 
the hippocampus. The localization of the electrodes 
was verified histologically. 

Three of the four outer pipettes of the 5-barrel 
micropipette were filled with the following 
compounds: acetylcholine chloride (2.5 M, 
Calbiochem), L-aspartic acid (Merck, 0.1 M, pH 8.0), 
DL-glutamic acid (K & K Laboratories, pH 8, 0.1 M), 
L-glutamic acid diethyl ester hydrochloride (GDEE, 
0.1 M, Sigma), L-glutamic acid dimethyl ester hydro- 
chloride (GDME, 0.1 M, Sigma) and L-proline (0.1 M, 
Fluka AG). The fourth barrel was filled with 5 M 
NaCl and served for testing current effects and to 
neutralize tip currents (Geller & Woodward, 1972). 

The neuronal signals were recorded with the centre 
barrel which was filled with 5M NaCl. The signals 
were fed via a preamplifier into an amplifier-filter 
which, in one channel, amplified the high frequency 
band (1—10 kHz) and recorded spike potentials. This 
amplifier was connected to a spike-height window dis- 
criminator and a ratemeter which displayed on a chart 
recorder integrated unitary firing rates. 

In the other channel a low frequency band 
(1—1 kHz) for measuring evoked field potentials was 
amplified and connected to an Ortec signal averager 
which was set to average 16—32 traces. The hippo- 
campal afferents were stimulated with 0.2 ms 40-100 
pA monophasic pulses delivered through a battery 
operated simulator which was triggered by a Devices 
Digitimer which also triggered the signal averager. 

The rats prepared for the chronic experiments were 
anaesthetized with sodium pentobarbitone (Nembutal, 
50 mg/kg) and implanted with twisted 100 um bipolar 
electrodes aimed at the entorhinal cortex and the 
hippocampus contralateral to the recording site where 
62 um microwire was implanted for recording. All 
wires were cemented to the skull and assembled in a 
plastic cap. After 3—4 days for recovery the rat was 
introduced into the test chamber, connected to a ten 
wire cable which delivered the stimuli to the rat and 
the responses through a preamplifier to the recording 
system described above. After termination of the 
experiments the rats were injected with an overdose of 
Nembutal perfused with 10% buffered formaldehyde 


Table 1 


and, at a later stage, sectioned on a freezing stage for 
determination of electrode placements. Further details 
of the methods are given elsewhere (Segal, 1973). 


Results 


As already reported (Biscoe & Straughan, 1966), 
glutamate caused an increase in firing rates of hippo- 
campal cells when ejected with very low currents 
(0-10 nA). All 57 cells tested were excited with a 
short latency (less than 2 s) compared to the latency of 
the excitatory action of acetylcholine (ACh, 3-5 
seconds). 

The effects of glutamate were also of shorter 
duration than those of ACh and often an apparent 
inhibition of spontaneous firing rates which follows an 
initial excitatory response to glutamate was observed. 
This inhibition was often accompanied by a reduction 
of spike size. Responses similar to those produced by 
glutamate in both the current needed to generate an 
excitation and the time course of the effects resulted 
from iontophoretically applied aspartate. 

The effects of GDEE on the excitatory action of 
glutamate were tested in 27 cells. On most cells tested 
(Table 1) GDEE exhibited a potent direct inhibitory 
action accompanied by a reduction of spike size when 
applied with a medium to high current (40—80 nA). 
However, when applied with low to moderate currents 
(20—40 nA) it had no noticeable effect on spontaneous 
activity or spike configuration and with such a dose it 
antagonized the responses to glutamate in 20 of 27 
cells tested (Figure 1). GDEE action was considered 
antagonistic when it caused at least a 50% reduction 
in response to glutamate in three successive test 
sequences. Its effects were relatively specific in the 
current range used; although some antagonistic action 
towards the excitatory responses of 6 cells to ACh 
was noticed, a complete blockade of cellular responses 
to ACh was seen in only one cell. 

GDME had a direct excitatory action towards most 
of the cells tested without affecting spike size 
(Table 1), as might be expected from its presumed 
glutamate uptake blocking action. When tested 
against the effects of glutamate, it did antagonize the 
action of glutamate in 7 of 13 cells tested. This 


Effects of glutamic acld diethylester (GDEE), glutamic acid dimethyl ester (GDME) and proline on 


the responses of hippocampal cells to glutamate (Glu) and acetylcholine (ACh) and on their spontaneous 


activity 
Glu ACh Direct action 
No No No 
Block effect Block effect Increase effect Decrease 
GDEE 20 7 1 5 0 12 16 
GDME 7 6 2 2 6 6 1 
Prollne 14 2 3 2 1 11 4 
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Figure 1 Effects of (a) proline, (b) glutamic acid 
dimethyl ester (GDME) and {ccu} glutamic acid 
diethyl ester (GDEE) on excitatory cellular responses 
to putative neutrotransmitters. (a) Cumulative spike 
records comparing the effects of glutamate (G) and 
aspartate (A) on cellular firing rates and the effects of 
proline on these responses. Drugs were applied at 
regular Intervals for a duration indicated by a bar with 
an ejection current In nA Indicated by the numbers 
above the bars (50nA for glutamate). Note the 
slightly longer recovery time needed for aspartate res- 
ponses compared with responses to glutamate. (b) 
Comparison of the effects of glutamate with those of 
acetylcholine (ACh) and the action of GDME towards 
these excitatory actions. Note the apparent Increase 
of ACh responses during GDME administration along 
with the complete blockade of glutamate responses 
and the relative absence of effects on spontaneous 
firing rates of GDME. (cic) Two successive records 
of the effects of GDEE towards glutamate and ACh. 
An apparent antagonistic action of GDEE towards 
both ACh and glutamate can be seen. No direct 
action on the spontaneous firing rates was sean. Note 
the slower recovery of responses to glutamate as 
compared with those of ACh. In all traces the 
abscissa scale denotes time (30s bar) and the 
ordinate scale. spikes per s (10 spikes per s bar). 


proportion is far lower than that produced by GDEE 
towards glutamate excitation. In 2 of 4 cells tested the 
action of ACh was at least partially antagonized by 
GDME. 

Proline seemed to have the least direct action on 
spontaneous cell activity and spike configuration 
among the drugs tested. Most of the cells (11 of 16 
cells) were not directly affected by proline. Proline 
exerted a potent antagonistic action towards the effect 
of glutamate; in 14 of 16 cells tested the responses to 
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glutamate were at least partially antagonized by 
proline. The effects of proline were also tested against 
aspartate in three cells. Proline antagonized responses 
to aspartate in all of these cells. When tested 
simultaneously, proline appeared to have a slightly 
better antagonistic action towards aspartate than 
towards glutamate (Figure la). 

Hippocampal CAI responses to commissural 
stimulation consisted of.a large negative potential with 
a latency of 16—24 ms, recorded in stratum radiation, 
below the pyramidal cell layer. This potential is 
generated in the terminal area of the commissural path 
and its magnitude and polarity varies within the hippo- 
campus (Andersen, 1960). When applied ionto- 
phoretically neither of the three glutamate antagonists 
could block the responses to stimulation of the 
commissural pathway without a primary potent direct 
action towards the spontaneous activity of the 
recorded cells. Therefore no further attempts to 
antagonize the responses to stimulation of the input 
pathways by iontophoretic administration of 
glutamate antagonists were made and instead the 
antagonists were administered parenterally. Intra- 
peritoneal administration of GDEE, GDME and 
proline was attempted in four of the above rats. In 
three of them the evoked field responses to 
commissural stimulation were reduced to 30—50% of 
control (Figure 2) with little effect on the responses to 
perforant path stimulation. GDME had a similar 
potency in these three rats in that it reduced responses 
to commissural stimulation to 40—70% of control 
values without affecting perforant path responses. 
Proline has no effect at the dose level used (200 mg/kg 
i.p.) 

The conscious rat preparation has the advantages 
of allowing the effects of drugs to be tested without 
interference of anaesthetics and enabling comparative 
tests of various drugs to be made since the original 
response to afferent stimulation can be maintained 
over several days (Segal, unpublished observations). 
The effects of GDEE, GDME and proline were tested 
in 6 rats. Both GDEE and GDME reduced selectively 
the commissural responses within 2—5 min after 
injection (Figure 3), while proline, as in the acute 
experiments, was without effects. The action of GDEE 
was pronounced (60-80% decrease in the 
commissural response) in one rat, moderate (20—25% 
decrease in the response magnitude) in 4 more rats 
and ineffective in one rat. GDME action was 
pronounced in two rats, moderate in one rat and 
ineffective in the other two rats tested. There were no 
conspicuous effects of these drugs on the behaviour of 
the tested rats. 


Discussion 


The present results indicate that hippocampal 
neurones are excited by glutamic acid and that GDEE 
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Figure 2 Mean evoked commissural responses in an anaesthetized rat. Each trace Is the mean response to 
16 stimuli (4 V, 0.2 ms duration, 1 Hz frequency). The recording electrode was placed just below the pyramidal 
cell layer. A stable response (a & b} was reduced to (c) less than 50% of the control value 2 min after in- 
traperitoneal injection of 200 mg/kg glutamic acid diethyl ester (GDEE). (d) Complete recovery was seen 1h 


later. In this figure positivity i8 upwards. 
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Figure 3 Effects of glutamic acld dimethy! ester 
(GDME) on commissural responses In the conscious 
rat. (a) Mean response to commissural stimulation 
before drug administration; (b) 5 min after GDME 
Injection: (b,} response to commissural stimulation; 
(b.) response to entorhinal (perforant path) 
stimulation; (c, and c,) responses to commissural and 
entorhinal stimulation respectively, 40 min after drug 
injection. In all these records negativity is upwards. 
(d) Time course of the changes in the magnitude of 
the commissural response after GDME Injection. 


antagonizes these excitatory responses. Another drug 
known to interact with glutamate, GDME, previously 
reported to block glutamate uptake and potentiate 
glutamate responses (Haldeman & McLennan, 1973) 
also had an antagonistic action towards glutamate in 
the present experiments. Similarly, proline, an amino 
acid reported to have some glutamate antagonistic 
action (Van Harreveld & Fifkova, 1973) exhibited this 
effect in the present study. 

When the effects of these drugs on responses to 
stimulation of pathways afferent to the hippocampus 
were tested, it was found that two of them, GDEE and 
GDME, had a selective antagonistic action, in at least 
some cases, towards the responses to the commissural 
input. This effect could not be demonstrated when the 
antagonists were administered tontophoretically. The 
separation between the recording site, at or near the 
pyramidal cell layer of field CAI of dorsal hippo- 
campus, and the terminal field of the commissural 
path is some 100—500 um. It is therefore unlikely that 
sufficient amounts of the antagonist could have 
arrived at the terminal field and have a selective 
antagonistic action towards glutamate terminals. 
Parenteral drug application, on the other hand, 
presents other problems of interpretation, since the 
drug may also change the excitability of the pre- 
synaptic fibres or the stimulated area or even the 
recorded cells in a way that may not affect the 
responses to the other input pathway tested, the 
perforant path. Tests for these possibilities are 
certainly pertinent. 

It is interesting to note, in this context, that 
although proline was a potent antagonist of glutamate 
responses, it had little effect on the response to the 
stimulation of the pathway. It is possible that proline, 
being a natural amino acid, was taken up mainly by 
other mechanisms and only a little of it arrived at the 
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site where antagonistic action towards the pathway 
could be manifested. 

The evidence for a transmitter role for glutamate or 
aspartate in the hippocampus is as yet incomplete. It 
has been reported thus far that aspartate uptake is 
reduced in decommisurized brain slices indicating that 
aspartate may be involved in commissural 
transmission (Nadler, Vaca, Cotman & Lynch, 1975). 
It was also suggested that glutamate is released upon 


stimulation of an intrinsic hippocampal pathway . 


(Crawford & Connor, 1973). Recently, Spencer, 
Gribkoff, Cotman & Lynch (1976) have also reported 
that GDEE antagonizes hippocampal CAI cellular 
responses to glutamate and aspartate. They, too, were 
unable to differentiate between glutamate and 
aspartate. 

Finally, Iversen & Storm-Mathisen (1976) found a 
selective uptake of [?H]-glutamate into excitatory 
terminals which belong, in part, to the commissural 
path. Obviously with the small selection of putative 
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1 The effects of general anaesthetics on the responses of neurones to iontophoretically applied L- 
glutamate have been examined in slices of the guinea-pig olfactory cortex in vitro. 

2 Concentrations of pentobarbitone, ether, methoxyflurane, trichloroethylene and alphaxalone that 
are known to depress synaptic transmission in the prepiriform cortex also depressed the sensitivity of 
prepiriform neurones to L-glutamate. 

3 Halothane, in concentrations that depress synaptic transmission (< 1%) did not alter the sensitivity 
of neurones to glutamate. Higher concentrations (> 1%) produced a dose-related depression of the 
glutamate sensitivity of neurones. 

4 All four volatile anaesthetics tested caused some cells to alter their glutamate-evoked firing pattern 
to one in which the spike discharges were more closely grouped. Pentobarbitone and alphaxalone had 
no such effect. 

5 If the sensitivity of the neurones to the endogenous excitatory transmitter is affected by 
anaesthetics in the same way as the glutamate-sensitivity, these results suggest that halothane 
depresses synaptic transmission by decreasing the amount of transmitter released from the nerve 
terminals, whereas the other anaesthetics depress the sensitivity of the post-synaptic membrane to the 


released transmitter. 


Introduction 


General anaesthetics in concentrations less than, or 
similar to, those required for the maintenance of 
anaesthesia depress excitatory synaptic transmission 
at a number of sites within the central nervous system, 
including the olfactory cortex (see Richards, 1974); 
this suggests that depression of excitatory synaptic 
transmission occurs during anaesthesia, and that it 
may be one of the cellular events responsible for the 
production of the anaesthetic state. A previous series 
of studies on the evoked field potentials of the 
olfactory cortex has shown that low concentrations of 
anaesthetics do not affect the electrical excitability of 
the fibres of the lateral olfactory tract (1.0.t.) or that of 
neurones of the prepiriform cortex, but they do 
depress the excitatory post-synaptic potentials 
(e.p.s.ps) that occur in the neurones of the 
prepiriform cortex following stimulation of the 1.o.t. 
These results imply that anaesthetics decrease the 
amount of transmitter released by a nerve impulse, or 
they depress the sensitivity of the post-synaptic 
membrane to the transmitter, or both. However, field 
potential analysis could not by itself provide sufficient 
evidence to determine which of these alternatives was 
responsible for the observed depression of the e.p.s.ps 


(Richards, 1972, 1973a; Richards, Russell & Smaje, 
1975). A definitive answer requires that the identity of 
the transmitter substance be known. 

Unfortunately, the identity of the transmitter 
released from the 1.o.t. is not established. Nonetheless, 
nerve cells in the prepiriform cortex can be excited by a 
number of substances including acetylcholine and 
glutamate (Legge, Randić & Straughan, 1966). While 
these two excitants are both thought to act directly on 
receptors located on the post-synaptic membrane, 
rather than by causing the release of other excitants, 
they excite neurones by quite different mechanisms. 
The excitation that is produced by acetylcholine is 
characteristically slow in onset and decline and results 
from a decrease in the resting membrane conductance 
to potassium (Krnjević, Pumain & Renaud, 1971), 
whereas the excitation produced by glutamate is rapid 
in onset and decline and mimics that of the naturally 
occurring transmitter (see Discussion in Richards et al., 
1975). In this paper we have examined the actions of six 
general anaesthetics on the sensitivity of neurones in the 
prepiriform cortex to iontophoretically applied L- 
glutamate. Brief accounts of some of these experiments 
have already been published (Richards & Smaje, 1974; 


348 C.D. RICHARDS & J.C. SMAJE 


Richards ef al., 1975). In the accompanying paper 
(Smaje, 1976) the actions of general anaesthetics on the 
sensitivity of prepiriform neurones to iontophoretically 
applied acetylcholine are described. 


Methods 


Details of the methods of preparation, incubation, 
stimulation and field potential recording have already 
been described in detail (Yamamoto & Mcllwain, 
1966; Richards et al., 1975). Guinea-pigs were killed 
by a blow on the back of the neck, the skull was 
opened and the brain removed. A thin tangential slice 
of the olfactory cortex was then made with a razor 
strip and a glass template. The slices so prepared had 
a nominal thickness of 410 um and were incubated in 
a chamber (described by Doré & Richards, 1974) at 
37°C. In this chamber the slice rested on a platinum 


oot 


grid with its cut surface bathed by artificial c.s.f. and ` 


the uncut, pial surface exposed to a humidifled 
atmosphere of 95% O, and 5% CO,. For the 
experiments with the steroid anaesthetic alphaxalone, 
a modified chamber was used which allowed both 
surfaces of the slice to be superfused with saline. 


Saline solutions 


Standard saline had the following composition (mM): 
NaC! 134, KCI 5, KH,PO, 1.25, MgSO, 2, CaCl, 1, 
NaHCO, 16 and glucose 10. High Mg?* saline had a 
similar composition but contained 10mmM MgSO, 
rather than 2 mM MgSO,. No osmotic compensation 
was made. The solutions were saturated with a 
mixture of 95% O, and 5% CO, before use, and had a 
pH of 7.2—7.4. 


Anaesthetics 
The following anaesthetics were used: sodium 


pentobarbitone (Abbott Laboratories); diethyl ether 
(Macfarlan Smith), trichloroethylene (BDH ‘Aristar’ 


grade); halothane (redistilled from Fluothane, ICI Ltd.) 


and alphaxalone (Glaxo Laboratories). Sodium 
pentobarbitone was dissolved in the bathing saline 
solutions before being applied to the tissue. No pH 
correction was required as its concentration was very 
low (0.05—0.4 mM) in relation to that of the 
bicarbonate buffer (16 mM). The volatile anaesthetics 
were applied in the gas phase mixed with the stream of 
95% O, and 5% CO, that superfused the upper 
surface of the slice. The exact concentration 
administered was estimated automatically by an on- 
line gas chromatograph (see Richards, 1973a; 
Richards et al, 1975). Because of its highly 
hydrophobic nature, alphaxalone was applied as the 
steroid component of phospholipid vesicles 


(liposomes) suspended in the saline solution (see 
Richards & Hesketh, 1975); standard saline 
containing liposomes without alphaxalone was 
administered as a control. 


Iontophoresis 


Conventional five-barrelled electrodes with tip 
diameters of 3—8um were used; three barrels 
contained 3.3 M NaCl and two 0.5 M Na L-glutamate 
(BDH Ltd.) (pH 7.1—7.3). One NaCl-filled barrel was 
used to record the activity evoked by the ejection of 
glutamate or the electrical stimulation of the Lo.t. 
(Richards & Sercombe, 1968), while another served to 
balance out the net currents through the electrode 
(Salmoiraghi & Steiner, 1963). This barrel could also 
be used to check for artifacts caused by the passage of 
current. Diffusion of glutamate from the electrode tip 
was prevented by retaining currents (electrode tip 
positive, 10--20 nA; del Castillo & Katz, 1955). 

Neurones in brain tissue slices are not generally 
spontaneously active so single units were isolated 
during excitation by continuous ejection of glutamate 
(electrode tip negative, 10-SOnA). Thereafter, 
glutamate was ejected from one barrel in pulses 
according to a fixed schedule; the pulse duration and 
current remained constant throughout each trial. The 
most useful schedule comprised an ejection period of 
10s followed by a retention period of 20 seconds. A 
fixed ejection schedule is desirable as the successive 
pulses are alike and a constant amount of drug is given 
at each application. 


Recording 


The evoked units were recorded through one NaCl- 
filled barrel of the iontophoretic pipette; the indifferent 
electrode was placed in the saline that bathed the 
lower surface of the slice. The recording barrel was 
coupled to a voltage follower or preamplifier through 
Ag-AgCl wires which were connected in turn to an 
oscilloscope and FM tape recorder. The overall flat 
band width of the recording system extended from 
3 Hz to beyond 2.5kHz. During the experiment the 
spike activity was amplified and filtered (pass band 
300 Hz—10 kHz, centre frequency 2.5 kHz) and then 
fed into a discriminator counter which registered only 
those spikes whose amplitude fell between two 
adjustable voltage levels. The noise level of the 
recording system was approximately 30 uV peak-to- 
peak. Satisfactory discrimination of the spike 
discharges was generally achieved when the amplitude 
of a spike was greater than 100 pV. 


Protocol 


` All experiments were restricted to the prepiriform area 


of the olfactory cortex, i.e. the area that lies between 
the lateral edge of the l.o.t. and the medial border of 
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Characteristics of glutamate-sensitive neurones in the prepiriform cortex. (a) An original record of a 


neurone responding to lontophoretically applied glutamate. This cell was located 430 um below the pla and 
was not spontaneously active. Note that cell discharge starts within 600 ms of applying the glutamate and 
there Is little after-discharge. Calibration: horizontal bar 10 seconds. (b) The depth distribution of glutamate- 
sensitive cells in the prepiriform cortex. These cells were not spontaneously active but could be excited by 


stimulation of the L.o.t 


the rhinal fissure. The small pyramidal cells that 
comprise layer Il of this area receive a massive 
projection from the fibres of the L.o.t. as do the deep 
pyramidal cells (see Shepherd, 1974). About half the 
cells located by application of glutamate were also 
tested to see whether L.o.t. stimulation excited them; in 
all cases it did so. It was impossible to apply this test 
when synaptic transmission was blocked by high 
Mg?+ saline. 

If the responses of a unit to fixed pulses of 
glutamate were consistent for four or more minutes, 
the anaesthetic was introduced and the responses were 
followed for up to 30 min before the anaesthetic was 
removed and the unit allowed to recover from the 
anaesthetic. Before exposing a preparation to high 
Mg?* saline, it was first incubated in standard saline. 
Then, while the evoked field potentials were 
monitored, the preparation was exposed to high Mg*+ 
saline. Synaptic transmission was rapidly blocked but 
to ensure total synaptic blockade the experiment was 
performed only when the evoked population e.p.s.p. 
was less than 5% of its initial size. 


Data analysis 


The total number of spikes generated by a single unit 
in response to a given pulse of glutamate was taken as 


23 


an index of a cell’s sensitivity to glutamate (see 
Discussion section). The spike activity from 
representative portions of the data recorded on 
magnetic tape was subjected to interspike interval 
analysis using the special purpose computer described 
by Lewin (1974). A minimum of 250 spikes was used 
to compile each interval histogram; records obtained 
from cells which had a very slow firing rate during 
exposure to anaesthetic were generally unsuitable for 
interval analysis. 


Results 
Excitation of prepiriform neurones by L-glutamate 


Neurones in the isolated olfactory cortex were 
normally electrically silent. Neuronal discharge began 
within 100—1000 ms of the iontophoretic application 
of glutamate (2—80 nA), continued as long as the 
glutamate was being applied and stopped within 
500 ms of the ending of the application (see Figure 1). 
These characteristics of the glutamate-sensitivity of 
prepiriform neurones are similar to those of neurones 
in other areas of the brain (Phillis, 1970) including the 
cat piriform cortex in vivo (Legge et al., 1966). 

In a series of 22 experiments, 159 cells were located 
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by iontophoretic application of L-glutamate. All of 
these cells could also be made to discharge in response 
to electrical stimulation of the Lo.t.; 75% were located 
200—400 um below the pial surface (Figure 1). This is 
the depth at which the dense layer of small pyramidal 
cells is found (ayer I, see Lohman, 1963; Price, 
1973). 


Effects of anaesthetics on glutamate-sensitivity in 
standard saline 


A total of 104 cells were studied in 71 preparations of 
the olfactory cortex; 76 of these cells (50 preparations) 
were examined in standard saline, the remainder were 
examined in high Mg** saline. These cells were 
stimulated by amounts of glutamate sufficient to evoke 
a steady rate of firing of about 30—40 spikes per 10s 
ejection period (mean 36 spikes per 10s application; 
range 10-150 spikes per 10 seconds). In standard 
saline this firing rate was achieved with currents of 
2—80 nA. The amplitude of the spikes found suitable 
for study with anaesthetics ranged from 100—500 uV 
(mean 180 uV). 


Pentobarbitone. Twelve cells were tested for changes 
in their sensitivity to glutamate before, during and 
after exposure to concentrations of pentobarbitone 
within the range 0.05—0.3 mM. At 0.05mM 
pentobarbitone depressed the glutamate-sensitivity of 
1 cell of 6 tested, but the higher concentrations used 
(0.1-0.3 mM) consistently depressed the glutamate- 
sensitivity of all the neurones that were tested. The 
depression developed within 3—4 min of exposing the 
tissue to a saline solution containing the drug and was 
dose-related and reversible (Figure 2). The rate at 
which the neurones recovered their normal sensitivity 
to glutamate depended on the duration of the exposure 
to pentobarbitone and on the concentration applied. 


Alphaxalone. The glutamate-sensitivity of all 11 cells 
studied was depressed by alphaxalone. Of these 11 
cells, 7 had their glutamate-evoked activity totally 
suppressed and the remaining 4 cells had their 
sensitivity to glutamate reduced by 60—90% when the 
tissue was exposed to a suspension of liposomes 
containing alphaxalone (50 uM per | of saline). The 
onset of the depression was characteristically abrupt 
and occurred within 1—6 min of exposing the tissues to 
alphaxalone (Figure 3). When the liposomes 
containing alphaxalone were replaced by pure 
phospholipid vesicles, the cells recovered their 
sensitivity to glutamate, although full recovery was 
often protracted. Phospholipid vesicles without 
alphaxalone had no depressant action. 


Ether and methoxyflurane. A total of 28 cells were 
tested with these anaesthetics, 11 with ether and 17 
with methoxyflurane. Both anaesthetics caused a dose- 
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Figure 2 The action of pentobarbitone on the 
sensitivity of cells In the prepiriform cortex to 
glutamate. (a) Shows the time course of the action of 
0.2 mM pentobarbitone on the glutamate-sensitivity 
of a cell 210 um deep in the prepirlform cortex. The 
cell was excited by a 12 nA pulse of glutamate of 
10s duration every 30 seconds. In this and 
subsequent figures the ordinate Is the total number of 
spikes generated by each pulse of glutamate. (b) The 
relationship between the glutamate sensitivity of 
prepiriform neurones and the concentration of 
pentobarbltone applied to them. Each polnt 
represents the glutamate-evoked firing rate of a cell 
expressed as a percentage of the firing rate In the 
absence of anaesthetic. The determinations were 
made after equillbration with anaesthetic. (0D) 
Experiments conducted in standard saline; (W) 
experiments conducted in high Mg?* saline. 


related depression of the glutamate-evoked activity of 
neurones in the prepiriform cortex (see Figure 5a,b 
and Figure 8 of Richards et al., 1975). 


Trichloroethylene. Low concentrations of tri- 
chloroethylene (0.05—0.3%) caused a dose-related 
depression of the glutamate-evoked activity of all 13 
cells tested (Figures 4a, Sc). However, increasing the 
trichloroethylene concentration above 0.3% did not 
cause a further decrease in the responsiveness to 
glutamate but caused an apparent reversal of this 
trend until at 0.7—1% trichloroethylene the firing rate 
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Figure 3 The action of 50 pM alphaxalone on the glutamate-sensitlvity of a neurone in the prepiriform cortex. 
This cell was 300 um deep and was excited by a 16 nA pulse of glutamate of 10 s duration every 30 seconds. 
Abbreviations: PL, suspension of phospholipid liposomes was superfused as a control. Aiphax, liposomes 
containing alphaxaione replaced the phospholipid liposomes. The arrows indicate 32 nA pulses of glutamate 
which were used to check that contact with the cell had not been lost. 


equalled or exceeded that recorded in the absence of 
anaesthetic (3 cells). Increasing the trichloroethylene 
concentration still further to 1.5% resulted in the 
complete loss of activity. 

These effects were reversible and were consistent 
with the idea that trichloroethylene has two actions, a 
depressant action on the glutamate-sensitivity and a 
direct stimulatory effect on the cell membrane. 
Evidence in favour of a direct stimulatory action was 
obtained from 3 cells which were exposed to 
0.65—0.9% trichloroethylene; during exposure to such 
high concentrations all three cells began to discharge 
spontaneously during the periods between applications 
of glutamate and the spike amplitude was reduced by 
10-50%. 


Halothane. Unlike the other anaesthetics studied, 
halothane had no obvious depressant action on the 
glutamate-sensitivity of neurones in the prepiriform 
cortex even at concentrations known to depress 
synaptic transmission by 50% or more (up to 1%) 
(Richards, 1973a). This result was found with all 14 
cells studied. One example is shown in Figure 4b. 
Above 1.2%, however, a depressant effect was seen 
which was dose-related and reversible (10 cells; 
- Figure 5d). As with trichloroethylene, exposure to con- 
centrations of halothane greater than 1.2% caused 3 
cells (out of 10) to fire spontaneously between the 
iontophoretic pulses of glutamate; under these 
conditions the spike amplitude was reduced. 


Effects of anaesthetics on glutamate-sensitivity in high 
Mg** saline 


Glutamate is able to diffuse at least 300 um through 
cortical tissue (Herz, Zieglgansberger & Farber, 1969) 
and will therefore excite a number of cells in addition 
to the one under observation. It is already known that 
anaesthetics depress synaptic transmission in the 
cortex (see Richards, 1974; Richards et al., 1975). 
Therefore, the depression of the glutamate-evoked 
activity of a cell that results from exposure to 
anaesthetic might not be due to a direct effect on the 
postsynaptic membrane of the cell but to a depressant 
action on synapses of adjacent cells which could 
modify the activity of the cell under observation via 
intracortical connexions. This possibility could be 
excluded if similar results were obtained under 
circumstances that did not permit synaptic transmis- 
sion. Increasing the level of Mg’+ in the bathing 
medium depresses synaptic transmission between the 
l.o.t. and the cells of the prepiriform cortex until at 
10-13 mm Mgt transmission is substantially blocked 
(Richards & Sercombe, 1970). The same is 
presumably true for other synaptic contacts within the 
slice. Accordingly, a proportion of the experiments 
were conducted in high Mg?* saline. 

The glutamate ejecting current was increased in 
10 mM Mg?* saline in order to keep the control rates 
of firing comparable to those in standard saline (ca 35 
spikes per 10s glutamate pulse). The mean current 





362 C.D. RICHARDS & J.C. SMAJE 
a 
50 
g jeg j 
Na °° bd 
E = oe” 4 & we 
GE p ” e ® a 
= SOs, ~~ + 
Es: s t s o o 
ma’ oe 
e] (8) 
a O4 
2~— 02 
2$ 
r> $ ( 
oO 0 10 20 30 40 
100 á 
s 
e 2 E q’ 
3 ays N” any aan .. dik 
8 o 50 ° 
= g 
BE 
32 
om 
0 
o 1.0 
2 di SOTT N 
oS 
ae: 0 
| TI Le a NTE | 
0 10 20 30 40 
Time (min) l 


Figure 4 The actions of two volatile anaesthetics 
on the glutamate-sensitivity of neurones In the 
prepiriform cortex. (a) The depressant action of 
trichlorosthylene. This cell was 300 um deep and was 
excited by a 20 nA pulse of glutamate for 10 s every 
30 seconds. (b) Lack of depressant effect of 
halothane. This cell was 280 um deep and was 
excited by a 8 nA pulse of glutamate for 10s every 
30 seconds. 


required was 39nA compared to a mean of 25nA 
required to give comparable firing rates in 2 mM Mg?* 
saline. This increase in current reflects the increase in 
the threshold depolarization required for spike 
initiation which is known to occur when Mg?+ con- 
centrations are elevated (Kelly, Krnjević & Somjen, 
1969; Richards & Sercombe, 1970). Nonetheless, 
anaesthetics depressed the sensitivity of neurones in 
the prepiriform cortex to iontophoretically applied 
glutamate in high Mg? saline. This result was 
obtained with all five anaesthetics so examined 
(alphaxalone was not tested): pentobarbitone 
0.05—0.3 mM, 6 units; ether 1.2—-6%, 5 units; 


methoxyflurane 0.04—0.35%, 6 units; 
trichloroethylene 0.09—0.42%, 6 units; halothane 
1.4—5%, 2 units (but no depression was observed at 
concentrations below 1%—5 units). 

The actions of pentobarbitone and the volatile 
anaesthetics on the glutamate-sensitivity of neurones 
in the prepiriform cortex is summarized in Figure 2b 
and Figure 5 for experiments in standard and high 
Mg?" saline. It is clear from these graphs that the 
depressant action of anaesthetics on glutamate- 
sensitivity was not reduced under conditions of 
synaptic blockade. 


Interspike interval distribution 


Neurones in the prepiriform cortex excited by 
glutamate had a variable temporal pattern of impulse 
generation. About 20% of the glutamate-excited units 
displayed a regular train of impulses; in the remainder, 
the impulses were grouped. Interspike interval analysis 
showed a single broad peak with a bias towards short 
intervals; the modal interval ranged from 10—200 
milliseconds. 

Exposure to pentobarbitone caused an increase in 
the modal interval commensurate with the fall in mean 
firing frequency (9 cells) Analysis of the four 
experiments with alphaxalone, in which this 
anaesthetic did not cause a total suppression of the 
glutamate responses, yielded similar results. 

All the volatile anaesthetics caused a decrease in the 
modal interval of the interspike interval histogram in a 
proportion of the cells studied, despite the ability of 
three of them (ether, methoxyflurane and 
trichloroethylene) to depress the firing rate. The 
decrease in the modal interval reflected a tendency for 
the spikes to occur in tight groups or bursts; within a 
burst of spikes the modal intervals ranged from 4—25 
milliseconds. Reducing the discharge rate merely by 
lowering the glutamate ejection current was never 
accompanied by such a change (Figure 6). Increasing 
the concentration of anaesthetic usually caused the 
grouping of impulses to become tighter. For example, 
one neurone exposed to 0.1% trichloroethylene fired in 
bursts of 26 spikes with a modal interval of 22.5 ms; 
on increasing the concentration to 0.2% the spikes 
then occurred in pairs or triplets with a shorter modal 
interval of 7.5 milliseconds. Not all ceils showed 
changes in their firing pattern even when they were 
exposed to high concentrations of anaesthetic. The 
proportion of cells showing burst firing during 
exposure to anaesthetic was as follows: ether 4 of 6 
cells that could be satisfactorily analysed; methoxy- 
flurane 3/6; trichloroethylene 6/8; halothane 4/7. In 
the case of methoxyflurane, however, three additional 
units fired in bursts of spikes at the onset of exposure 
to anaesthetic but not while a steady concentration 
was maintained. This tendency for volatile 
anaesthetics to induce cells to fire in groups of spikes 
was found even in the presence of 10 mM Mg?**; ether 
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Figure5 Summary of the relationship between the glutamate-sensitivity of neurones in the preplriform 
cortex and the concentrations of volatile anaesthetics to which they were exposed: (O) experiment conducted 
in standard saline; (M) experiment conducted in high Mg?+ saline. Each symbol shows the firing rate of a cell 
during exposure to anaesthetic expressed as a percentage of the firing rate before exposure to anaesthetic. 
Some cells were exposed to two or three concentrations of anaesthetic. 


0/2 cells; methoxyflurane 1/5; trichloroethylene 6/7; 
halothane 1/5. 


Action of anaesthetics on the glutamate-sensitivity of 
cells in the guinea-pig neocortex 


To test the general validity of our results, we also 
examined the effects of two general anaesthetics, 
halothane and methoxyflurane, on the sensitivity of 
neocortical cells to iontophoretically applied 
glutamate. 

A total of 14 celis were examined in 7 coronal slices 
of neocortex maintained in vitro. All 5 cells exposed to 
0.03—0.3% methoxyflurane showed a dose-related 
depression of glutamate-evoked activity. By contrast, 
none of the 6 cells exposed to halothane (0.23— 1.2%) 
showed a depression of glutamate-evoked activity at 
concentrations below 0.9%. Two cells showed a 


depression in sensitivity to glutamate when exposed to 
halothane concentrations between 0.9 and 1.2%. 

A further 3 cells were tested in high Mg** saline for 
changes in glutamate sensitivity during exposure to 
methoxyflurane. The glutamate-evoked activity of all 
3 cells was depressed in a dose-related manner by 
0.08—0.2% methoxyflurane. 

None of the neocortical cells exposed to methoxy- 
flurane showed any increased tendency to fire in 
groups of spikes whereas 3 of the 6 cells exposed to 
halothane did so. 


Discussion 


The interpretation of our experiments rests on the 
assumption that the firing rate of a cell in response to a 
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Figure 6 Changes in the interspike interval distribution caused by exposure to trichloroethylene (TCE). (a) 
Filmed record of a call firing In response to a 38 nA, 10 s pulse of glutamate in the presence and absence of 
trichloroethylene. This cell was 300 um deep. Note that the cell discharges tend to occur as pairs of spikes in 
the presence of trichloroethylene. {b} Interspike interval! histograms taken from an extended record of the same 
cell. Each histogram was complied from the intervals between 250 spikes. Note the increase in the proportion 
of short intervals which reflects the tendency for this cell to fire In pairs of spikes during exposure to 
trichloroethylens. This effect could not be mimicked by reducing the glutamate excitation of the cell (30 nA). 


given pulse of glutamate reflects the sensitivity of that 
cell to glutamate. This will only be true if there is no 
change in the coupling between the glutamate-induced 
depolarization and the generation of the action 
potential, if subliminal excitation and inhibition of the 
cell are either constant or insignificant, and if 
glutamate acts directly on the post-synaptic 
membrane and not by causing the release of some 
other excitatory substance. The first of these 
conditions is satisfied as it has already been shown 
that concentrations of general anaesthetics sufficient 
to depress synaptic transmission by 50% or more do 
not increase the action potential threshold, or 
otherwise impair the coupling between the population 
ep.s.p. and the discharge of neurones in the 
prepiriform cortex (Richards, 1972, 1973a and 
unpublished data; Richards ef al, 1975). As the 
results of experiments performed on preparations 
bathed in standard saline were similar to those 
obtained from preparations in which synaptic 
transmission was blocked by high Mg?" saline (see 
Results section) subliminal excitation and inhibition 
cannot have influenced our results. Furthermore, these 
experiments also exclude the possibility that glutamate 
causes the release of some other substances from the 
nerve terminals as transmitter release is inhibited by 


high Mg?* saline (Richards & Sercombe, 1970; Rubin, 
1970). 

The reasons for choosing glutamate as an analogue 
for the unknown endogenous transmitter have been set 
out in detail elsewhere (Richards et al., 1975) and may 
be summarized by saying that, like the transmitter 
itself, glutamate excites nerve cells by a sodium- 
dependent mechanism following its interaction with a 
specific receptor site. There is even some 
circumstantial evidence to suggest that glutamate itself 
may be the transmitter released from the Lo.t. nerve 
terminals (see Bradford & Richards, 1976). Although 
we confined our experiments to neurones in the 
prepiriform cortex, chiefly those of layer IJ, which are 
innervated by the lo.t., it is possible that our results 
reflect the properties of receptors other than those 
responsible for synaptic transmission between the 1.o.t. 
and the pyramidal cells of the prepiriform cortex. 

All six anaesthetics that were studied depressed the 
firing rate of cortical neurones to iontophoretically- 
applied L-glutamate. For the reasons discussed earlier, 
these results suggest that general anaesthetics depress 
the sensitivity of the post-synaptic membrane itself to 
glutamate. As anaesthetics do not alter the coupling 
between the population e¢.p.s.p. and the discharge of 
the pyramidal cells, this depression is not the result of 


a generalized increase in the resting membrane 
permeability to potasstum or chloride such as that 
seen following the tontophoretic application of 2, 4 
dinitrophenol to cortical neurones (Godfraind, 
Krnjević & Pumain, 1970). It is more likely that this 
depression could reflect a decrease in the affinity of the 
receptor for glutamate, or a decrease in the efficacy of 
glutamate due to a change in receptor conformation, 
or a decrease in the ability of the ionophore linked to 
the glutamate receptor to admit ions across the 
membrane. At present there is no evidence which 
would allow us to distinguish between these 
possibilities. 

The results summarized in Figures 2b and 5 and 
Table 1 show that pentobarbitone, ether, methoxy- 
flurane and trichloroethylene all produced a dose- 
dependent depression of the glutamate-sensitivity of 
neurones within the concentration range required to 
depress synaptic transmission between the fibres of the 
l.o.t. and the neurones of the prepiriform cortex. 
Similarly, alphaxalone (50 uM) also depressed both 
sensitivity of neurones to glutamate and synaptic 
transmission. While our results do not exclude the 
possibility that these anaesthetics may depress the 
release of transmitter, they are consistent with the 
view that all five anaesthetics depress synaptic 
transmission, at least in part, by depressing the 
sensitivity of the post-synaptic membrane to 
endogenously released transmitter. 

In contrast to the other anaesthetics studied, 
halothane did not depress the glutamate-sensitivity of 
cortical neurones until relatively high concentrations 
were reached (> 1%), whereas synaptic transmission 
became depressed at much lower concentrations 
(> 0.4%) (Richards, 1973a). Thus, with halothane 
there was little parallelism between the depression of 
synaptic transmission and the depression of 
glutamate-sensitivity. It is possible that halothane does 
not depress the glutamate-sensitivity of the cortical 
neurones because it has both a direct stimulatory 


Table 1 
glutamate-sensltivity of prepiriform neurones 


Concentration 

required for 
Anaesthetic anaesthesia 
Pentobarbitone 0.2 mM 
Alphaxalone 50 um 
Ether 3.0% 
Methoxyflurane 0.25% 
Trichloroethylene 0.3% 
Halothane 0.9% 
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action on the post-synaptic neurones as well as a 
depressant action on their sensitivity to glutamate. 
This seems unlikely as halothane does not cause the 
neurones to fire spontaneously until high con- 
centrations are reached and at these concentrations 
(> 1.2%) their glutamate-sensitivity is depressed. 
Alternatively, low concentrations of halothane (< 1%) 
may depress synaptic transmission by reducing the 
output of transmitter from the nerve terminals. 

The glutamate-sensitivity of neurones in vitro 
preparations of neocortex was depressed by low con- 
centrations of methoxyflurane, but not by low con- 
centrations of halothane, so it appears that our results 
do not merely reflect properties of glutamate receptors 
that are peculiar to the neurones of the prepiriform 
cortex. Furthermore, Ransom & Barker (1975) have 
found that the glutamate-sensitivity of spinal neurones 
grown in tissue culture is also depressed by 
pentobarbitone. 

As changes in the responsiveness of a neurone to 
glutamate that are caused by anaesthetics in vivo may 
not only reflect changes in the sensitivity of that 
neurone to glutamate but also changes in background 
activity it is not easy to compare our results directly 
with those obtained in intact animals. However, there 
is a measure of agreement between our results and 
those of certain experiments conducted in vivo. For 
example, Crawford & Curtis (1966) and Johnson, 
Roberts & Straughan (1966) found that systemic 
administration of barbiturates depressed the sensitivity 
of cortical neurones to iontophoretically-applied 
glutamate and DL-homocysteic acid. Crawford 
(1970), working with the cerveau isolé preparation of 
the cat, found that halothane (< 1.596) had no effect 
on the response of cells in the cat pericruciate gyrus 
but he also reported that methoxyflurane and 
trichloroethylene were without effect. Catchlove, 
Krnjević & Mareti¢ (1972) using anaesthetized 
animals and a similar protocol to Crawford’s also 
failed to find a depressant effect of volatile 


Comparison of the depressant effects of anaesthetics on the population 6.p.s.p. and on the 


Depression of Depression of 


pop &.p.S.p. glutamate 
amplituda* firing ratet 
25-50% 50—100% 
25—100% 60—100% 
25-50% 25-80% 
20—40% 40—90% 
25-50% 70—100% 
25—50% 0—10% 


* Ranges taken from the following references: Richards (1972, 1973a), Richards et al., (1975), Richards & 


Hesketh (1975) and unpublished data. 
t Ranges taken from Figures 2b and 5. 
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anaesthetics on the sensitivity of cortical cells to 
glutamate. However, in the cuneate nucleus Galindo 
(1969) found that pentobarbitone depressed the 
sensitivity of neurones to glutamate whereas halothane 
did not, although both anaesthetics depressed synaptic 
transmission between the dorsal columns and the 
medial lemniscus. 

All the volatile agents changed the temporal firing 
pattern of some neurones from a more or less regular 
train of impulses towards a more irregular pattern in 
which the impulses tended to be grouped. This change 
in firing pattern was observed both with volatile 
anaesthetics that depressed the glutamate-sensitivity 
of neurones and with halothane which did not. It was 
found in preparations in which synaptic transmission 
was blocked with high Mg*+ saline, and so does not 
depend upon the integrity of synaptic connexions but 
on some intrinsic property of the membrane. A similar 
change in the firing pattern of synaptically-evoked 
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GENERAL ANAESTHETICS 
AND THE ACETYLCHOLINE- 


SENSITIVITY OF CORTICAL NEURONES 


J.C, SMAJE 


National Institute for Medical Research, Mill HIIL London NW7 1AA 


1 The effects of general anaesthetics on neuronal responses to iontophoretically-applied 
acetylcholine have been examined in slices of guinea-pig olfactory cortex maintained in vitro. 

2 Acetylcholine excited 61% of the prepiriform neurones tested. The excitation was blocked by 
atropine, but not by dihydro-f-erythroidine or gallamine. 

3 Alphaxalone reversibly depressed the acetylcholine-sensitivity of prepiriform neurones. 
Pentobarbitone did not consistently depress the acetylcholine sensitivity of these cells. 

4 Ether, methoxyflurane, trichloroethylene and halothane caused a dose-related augmentation of 


acetylcholine-induced firing. 


5 These results show that general anaesthetics do not necessarily depress the sensitivity of nerve cells 
to all excitatory substances and that different anaesthetics may affect a particular excitatory process in 


various ways. 


Introduction 


Previous studies have shown that general anaesthetics 
depress excitatory synaptic transmission in isolated 
slices of the guinea-pig olfactory cortex (Richards, 
1974), and that the sensitivity of prepiriform neurones 
to iontophoretically-applied L-glutamate is depressed 
by similar concentrations of anaesthetic (with the 
exception of halothane; Richards & Smaje, 1976). The 
properties of glutamate resemble those of the natural 
transmitter at synapses between the lateral olfactory 
tract (l.o.t.) and prepiriform pyramidal cells. Thus, 
depression of synaptic transmission by anaesthetics 
other than halothane was attributed (at least in part) to 
an action on the postsynaptic sensitivity of prepiriform 
cells to the l.o.t. transmitter substance. The question 
arises whether the receptivity of these neurones to 
other excitatory substances will be affected in the 
same manner, or whether the depressant action of 
anaesthetics is specific for the excitation produced by 
glutamate and the 1.0.t. transmitter. 

Iontophoretic application of acetylcholine to 
olfactory cortex neurones causes excitation that is 
slow in both onset and decline, having the pharmaco- 
logical properties of a predominantly muscarinic 
process (Legge, Randić & Straughan, 1966). 
Muscarinic excitation of cortical neurones is thought 
to result from a decrease in membrane permeability to 
potassium ions (Krnjević, Pumain & Renaud, 1971); 
the actions of acetylcholine, therefore, could be quite 


different in nature from the rapid actions of glutamate 
and the l.o.t. transmitter substance, which may be 
mediated by an increase in the membrane perme- 
ability to sodium (Richards, Russell & Smaje, 1975; 
Richards & Smaje, 1976). 

This paper describes the actions of six general 
anaesthetics on the acetylcholine-sensitivity of pre- 
piriform neurones. It will be shown that the four 
volatile agents tested (ether, methoxyflurane, tri- 
chloroethylene and halothane) caused an increased 
sensitivity of prepiriform neurones to acetylcholine. 
Pentobarbitone had no consistent effect on the 
sensitivity of neurones in the prepiriform cortex to 
acetylcholine. The steroid anaesthetic alphaxaione 
depressed the sensitivity of these neurones to acetyl- 
choline in a similar manner to its action on their 
sensitivity to glutamate. 


Methods 


The methods were substantially those of the preceding 
paper (Richards & Smaje, 1976), with the following 
modifications. 


Saline solutions 


Standard saline had the following composition (mM): 
NaCl 134, KCI 5, KH,PO, 1.25, MgSO, 2, CaCl, 1, 
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NaHCO, 16 and glucose 10. High Mg?+-low Ca?+ 
saline had the same composition as standard but with 
MgSO, 10 mM and CaCl, 0.75 mM, or as standard 
but with MgSO, 4 mM and CaCl,, 0.5 mM. 


Drugs 


The following drugs were used, dissolved in the 
appropriate saline solution: atropine sulphate (BDH), 
dihydro-f-erythroidine hydrobromide (DHBE; kindly 
donated by Merck, Sharpe & Dohme), gallamine tri- 
ethiodide (May & Baker), physostigmine sulphate 
(Wellcome). 


Iontophoresis 


At least two barrels of the five-barrelled micro- 
electrodes contained 3.3M NaCl and at least one 
contained Na L-glutamate (0.5 M, pH 7.1-7.3; BDH). 
.In addition, at least one barrel contained acetylcholine 
chloride (0.2 M, pH 4—5; Roche). The electrodes were 
used within 24 h of filling. Current balancing was used 
in all experiments, except in some in which neurones 
were deliberately excited by anionic current passed 
from one or two NaCl-filled barrels. 


Results 
Acetylcholine-sensitivity of prepiriform neurones 


In a series of 159 prepiriform neurones in 22 
preparations located at random with glutamate, 97 
(61%) could also be excited by acetylcholine 
(10—160 nA). The effect of acetylcholine was slow in 
onset (usually between 2 and 120 s) and persisted for a 
similar period after cessation of ejection (see 
Figure 2a). A temporary increase in firing rate often 
followed the termination of acetylcholine application, 
and a few units did not respond at all until this time. 
The depth distribution and spike amplitudes of 
cholinoceptive cells were not significantly different 
from those of cells responsive only to glutamate 
(Smaje, 1976). 

When acetylcholine was ejected against a back- 
ground of continuous glutamate excitation, an 
inhibitory effect starting within 2 s was revealed in all 
but one of 22 cells so examined. The characteristic 
action of acetylcholine (18/22 cells) was biphasic, the 
initial inhibition being followed by excitation within 2 s 
to several minutes. 

In agreement with earlier field potential studies in 
the olfactory cortex (see Richards & Sercombe, 1970), 
the muscarinic blocking agent atropine (5 uM) blocked 
the excitatory effect of acetylcholine (but not that of 
glutamate) whereas the nicotinic blocking agents 
DHBE and gallamine (both 10pm) did not. The 
excitatory action of acetylcholine was therefore 


considered to be muscarinic. 

Frequently, a neurone that had been sensitive to 
acetylcholine would cease to be excited by acetyl- 
choline. Sensitivity could occasionally be restored if a 
brief pulse of glutamate was used to initiate firing, or if 
the acetylcholine ejecting current was increased. 
However, approximately one in every six experiments 
was abandoned because the neurone became 
refractory to acetylcholine during the initial few 
minutes of the control period. Neither excitation by 
glutamate nor inhibition by acetylcholine were lost in 
this manner. 


Effects of anaesthetics on acetylcholine-sensitivity 


This was investigated on 61 cells in 43 preparations in 
standard saline. Acetylcholine was expelled with 
pulses of current, usually lasting 10s and repeated 
every 30s throughout an experiment. The mean 
number of spikes generated in response to each 10s 
pulse (including after-discharge) was 85 (range 
40-200 spikes), and was achieved with currents in the 
range 14—140 nA; mean 74nA. Anaesthetics were 
delivered in concentrations known to depress 
excitatory synaptic transmission and glutamate 
sensitivity in the olfactory cortex (Richards & Smaje, 
1976). 


Pentobarbitone. Pentobarbitone (0.05—0.40 mM) 
had little or no effect on the responses of almost half 
(8/17) of the cells excited by acetylcholine. The 
sensitivity of the other 9 cells to acetylcholine was 
totally lost 2—22 min after the beginning of the 
exposure to pentobarbitone. This loss of sensitivity to 
acetylcholine was independent of the concentration of 
pentobarbitone applied. When a cell became 
unresponsive to acetylcholine, it was excited by 
applying glutamate to confirm that it was still near the 
electrode. Only three of the cells tested in this manner 
recovered their sensitivity to acetylcholine within 
30 min of washing out the pentobarbitone. 


Alphaxalone. Al\phaxalone (50 uM) was delivered to 
the preparations as a component of phospholipid 
vesicles suspended in standard saline (Richards & 
Hesketh, 1975). The acetylcholine-evoked activity of 
all 5 neurones studied was abolished 1—6 min after the 
introduction of alphaxalone. Recovery was observed 
within 20 min in four cases, one such experiment being 
shown in Figure 1, but was negligible at 30 min in the 
fifth. Phospholipid suspension without the anaesthetic 
component served as the control solution in these 
experiments, and had no depressant effect on the 
acetylcholine responses of prepiriform neurones. 


Volatile anaesthetics. Exposure to volatile agents in 
low to moderate concentrations caused a prompt and 
sustained augmentation of the acetylcholine-induced 


150 


— 
© 
O 

e 

d 


Spikes/ACh pulse 
3 
e 
d 
@ 
o 
o 


ANAESTHETICS ON ACh SENSITIVITY 361 


ee@ee0eee 668 @6 


eee eee a Ne CMM aint ee es Se 


0 5 


Figure 1 


15 20 


Time (min) 


The effect of alphaxalone on the acetyicholine-sensitivity of a neurone in the prepiriform cortex. This 


cell was 390 um deep and was excited by a 75 nA pulse of acetyicholine for 10s every 30 seconds. PL, 
phospholipid liposome suspension superfused as a control; Alphaxalone, liposomes containing alphaxalone in a 
1:1 molar ratio with phospholipid. The final molarity of the alphaxalone in the suspension was 50 uM. 


firing of all cells studied (ether 0.5—2.9%, 10 units; 
methoxyflurane 0.05—0.35%, 11 units; trichloro- 
ethylene 0.03—0.40%, 11 units; halothane 0.09—1.0%, 
6 units). Figure 2 presents a typical experiment in 
which a 14min exposure to 0.4--0.5% halothane 
caused the mean firing rate of the neurone to be 
approximately doubled. The delay in the onset of 
cholinergic excitation was reduced, the steady level of 
firing increased, and the after-discharge lengthened. 
Although action potentials could sometimes not be 
recorded in the presence of high concentrations of 
anaesthetic, this may have been due to depolarization 
block, rather than to depression of sensitivity to 
acetylcholine. This is illustrated in Figure 3, in which 
the firing frequency of a cell excited by acetylcholine 
rapidly dropped when the concentration of trichloro- 
ethylene was increased from 0.2 to 0.5%; the spike 
amplitude was considerably diminished when the cell 
was discharging at its maximum rate. Figure 4 
summarizes the results obtained with each volatile 
anaesthetic (open squares): the dose-related nature of 
the effects is evident. Refractoriness to the excitatory 
action of acetylcholine never developed during the 
delivery of a volatile anaesthetic. 

Four possible explanations for these results were 
considered: first, anaesthetics may have depressed 
inhibitory influences from adjacent neurones in 


synaptic contact with the cell under observation. This 
was excluded on the basis of experiments performed 
under conditions of synaptic blockade. Increase of the 
magnesium and reduction of the calcium content of 
the bathing saline combine to suppress synaptic 
transmission in the olfactory cortex slice, probably by 
reducing transmitter output, as their effects on post- 
synaptic threshold tend to cancel (Richards & 
Sercombe, 1970). Accordingly, three experiments with 
trichloroethylene and five with halothane were 
performed in preparations equilibrated with high 
Mg?*+-low Ca?* saline; the results were similar to those 
in standard saline (filled squares, Figure 4). 

Second, a direct stimulatory action of the 
anaesthetics was considered. A control level of firing, 
without the intermediary of a chemical excitant, was 
provided by extracellular anionic current stimulation 
(range 120--240 nA, mean 180 nA; 10 s pulses every 
30 s) (Krnjević & Phillis, 1963a). All the experiments 
were conducted in high Mg*+-low Ca** saline to 
prevent the release of transmitter substances from 
other depolarized structures. Six units were studied 
with trichloroethylene (0.06—0.60%) and six with 
halothane (0.15—1.3%). Both anaesthetics had a mild 
stimulatory effect in high concentration (trichloro- 
ethylene >0.4%, halothane >0.9%), presumably cor- 
responding to that seen in previous experiments 
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Figure 2 The action of halothane on the sensitivity of a neurone to iontophoretically-applied acetylcholine. 
(a) The discharge of a neurone in response to a 153 70 nA pulse of acetyicholine (ACh, black bar) before, 
during and after exposure to halothane. The records in the two panels are continuous. This cell was 290 um 
deep In the prepiriform cortex. (b) Summary of the tlme course of the action of halothane on the call shown in 


(a). 


(Richards & Smaje, 1976), but inadequate in itself to 
account for the acceleration of acetylcholine 
responses. 

Third, a capacity of volatile anaesthetics to 
suppress cholinergic inhibition was examined in six 
preparations treated with atropine; cholinergic 
inhibition was then revealed against a background of 
glutamate excitation. As halothane does not depress 
the glutamate excitation of cortical neurones 
(Richards & Smaje, 1974, 1976) its action on 
cholinergic inhibition was studied. No significant effect 
on the inhibitory action of acetylcholine was observed 
with halothane administered in concentrations from 
0.2 to 1.1% (7 units; Figure 5). 


Finally, it was possible that volatile anaesthetics 
inhibited the hydrolysis of acetylcholine by acetyl- 
cholinesterase. This was tested in preparations whose 
cholinesterase activity was already abolished by 
treatment with physostigmine (7.8—78 uM). Difficulty 
was experienced in obtaining satisfactory responses to 
acetylcholine as refractoriness to the excitatory action 
of acetylcholine, or rapid depolarization block, 
commonly developed. As a result, only one neurone 
was successfully studied. The acetylcholine-induced 
firing rate of this cell rose during a 7 min exposure to 
trichloroethylene (0.2—0.35%) to over twice that in the 
control period; the neurone became refractory to 
acetylcholine at the termination of anaesthetic 


400 
43) e 
i 
a PÀ 
5 = 
=a 
~$ 6o 
g 200 ., 
Fai 6 
Y e 
ae 
e e 
o® to po ° 
0 
o 04 
© 
Ex 
[sa] 
S 5 02 
o> 
T A 
È 01 


0 20 


ANAESTHETICS ON ACh SENSITIVITY 363 


| SE ERY LE E e ee ee ae ee (RET Te TE ene ee aD | 


40 60 80 


Time( min) 


Figure 3 The actions of trichloroethylene on the sensitivity of a neurone to lontophoretically-applied 
acetylcholine. This cell was 310 um deep and was excited by a 90 nA pulse of acetylcholine for 10 s every 30 
seconds. Trichloroethylene (0.2%) caused the firing rate of the cell to be quadrupled but increasing the 
anaesthetic to 0.5% caused a block of the responsiveness to acetylcholine. Both effects were reversed as the 


anaesthetic was removed. 


delivery. The acceleration of acetylcholine responses 
cannot have been due to inhibition of acetyicholin- 
_ esterase in the absence of significant activity of this 


enzyme. 
Experiments with neocortical preparations 


A small number of experiments was also performed 
with coronal slices of the guinea-pig sensorimotor 
neocortex. Five neurones in separate preparations 
were exposed to trichloroethylene (0.07—0.25%). The 
responses of these cells to acetylcholine were increased 
during exposure to this anaesthetic. This effect was 
very similar to that observed in the olfactory cortex 
preparation. 


Discussion 


The excitatory responses of isolated prepiriform 
neurones to acetylcholine closely resembled those seen 


in the cat piriform cortex in vivo (Legge et al. 1966). 
These authors do not mention the development of 
refractoriness to acetylcholine, although this does 
occur in the thalamus (Andersen & Curtis, 1964; 
McCance, Phillis & Westerman, 1968), and 
desensitization to acetylcholine is well known in other 
cholinoceptive tissues (Michelson & Zeimal, 1973). 
Expression of the phenomenon was modified by 
anaesthetics: no unit ceased responding to acetyl- 
choline in the presence of a volatile agent, whilst 
several did so during exposure to pentobarbitone. 
The assumption that the firing rate of a neurone in 
response to acetylcholine reflects the sensitivity of that 
cell to acetylcholine rests on several conditions. First, 
that there be no change in the coupling between 
depolarization and discharge in the presence of an 
anaesthetic; this has been considered in the 
accompanying paper (Richards & Smaje, 1976). Next, 
that subliminal excitation or inhibition from adjacent 
neurones (or from an intermediate substance that may 
be released) should be constant or insignificant; the 
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Figure 4 Summary of the relationship between the acetylcholine responses of neurones in the prepiriform 
cortex and the concentrations of volatile anaesthetics applied. The results are expressed as a percentage of the 
acetyicholine-evoked firing rate observed In the absence of anaesthetic. (The normalized control firing rate is 
Indicated by the horizontal dotted line). (C) Experiments In standard saline; (M) experiments In high Mg*t- low 


Cat galine. 


experiments with high Mg?+-low Ca? saline suggest 
that this was true. Furthermore, the potentiating effect 
of volatile anaesthetics on the acetylcholine responses 
of prepiriform neurones was shown not to result from 
direct stimulation by the anaesthetics, or from 
reduction in cholinergic inhibition or cholinesterase 
activity. The remaining possibilities are that volatile 
anaesthetics increase the affinity of muscarinic 
receptors for acetylcholine, or that they increase the 
efficacy of acetylcholine in depolarizing the neuronal 
membrane through changes in the conformation of the 
receptor or receptor-linked ionophore. As the 
excitation produced by acetylcholine is thought to 
result from a decrease in the permeability of the 
resting membrane to potassium (Krnjević et al. 1971), 
one possible effect of volatile agents could be to 
decrease further the resting K+ conductance. If these 


agents also interfered with the K+ conductance 
increase that follows the entry of sodium during an 
action potential, the repolarizing phase of a spike 
would be prolonged; this could provide an explanation 
for the burst firing observed in glutamate-excited 
neurones (Richards et al, 1975; Richards & Smaje, 
1976). An intracellular investigation of Aplysia 
neurones has shown various agents (including the 
volatile anaesthetic chloroform, but also’ pento- 
barbitone) to cause changes in K+ conductance of this 
sort (Barker, 1975b). Intracellular studies in the 
mammalian brain are required to explore this 
possibility further. 

The effects of volatile anaesthetics on the sensitivity 
of neurones to acetylcholine may be contrasted with 
their depressant action on the glutamate-sensitivity 
of neurones in the same region of cortex. 
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Figure 5 The effect of halothane on the Inhibitory action of acetylcholine on a neurone in the prepiriform 
cortex. This cell was 400 pm deep in the preplriform cortex and was excited by a continuous release of 
glutamate (25 nA). The acetylcholine (ACh, 100 nA) was released for 1 min periods every 2 min (indicated by 
black bars). The experiment was conducted in standard sallne containing atropine (0.2 mm) in order to block 
the excitatory actions of acetylcholine. Halothane (up to 1.1%) had no effect on the inhibitory action of 


acatyicholine. 


Although pentobarbitone depressed the glutamate- 
sensitivity of neurones, it failed to depress the 
acetylcholine-sensitivity of those cells that did not 
become totally refractory to acetylcholine. Only 
alphaxalone reversibly depressed both the glutamate- 
sensitivity and the acetylcholine-sensitivity of 
neurones. These findings show that different 
anaesthetics do not necessarily share a common mode 
of action. 

A particular advantage of in vitro preparations of 
the central nervous system is the absence of 
spontaneous nerve cell activity. This has made 
possible the study of the action of anaesthetics on the 
sensitivity of individual nerve cells to excitants without 
the variations in subliminal excitation and inhibition 
that are characteristic of the intact animal. The fact 
that such influences have been removed should be 
considered when the present experiments are 


24 


compared to those conducted in vivo. Systemic 
administration of barbiturates (Krnjević & Phillis, 
1963b; Crawford & Curtis, 1966; Crawford, 1970; 
Catchlove, Krnjević & Maretić, 1972) and high con- 
centrations of volatile anaesthetics (Catchlove et al., 
1972) have been shown to depress the sensitivity of 
cortical neurones to acetylcholine in parallel with their 
depression of spontaneous nerve cell activity. 
However, when Crawford (1970) applied pento- 
barbitone iontophoretically he found little depressant 
effect on the acetylcholine-sensitivity of cortical 
neurones; he also showed that methoxyflurane, tri- 
chloroethylene and halothane did not depress the 
sensitivity of cortical neurones to acetylcholine when 
delivered in moderate concentrations. 

To conclude, the present experiments together with 
those of the previous paper (Richards & Smaje, 1976) 
have shown that the depolarizing action of glutamate 
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is depressed by general anaesthetics whereas that of 
acetylcholine was depressed by alphaxalone but not 
by other general anaesthetics. As muscarinic 
excitation of cortical neurones is thought to result 
from a decrease in the resting membrane permeability 
to potassium ions (Krnjević et al, 1971) while 
glutamate excitation is thought to result from an 
increase in the sodium permeability (see Richards ef 
al, 1975), these results are consistent with the 
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MAZINDOL ANOREXIA IS MEDIATED BY 
ACTIVATION OF DOPAMINERGIC MECHANISMS 


Z.L. KRUK & M.R. ZARRINDAST 


Department of Pharmacology and Therapeutics, The London Hospital! Medical College, Turner Street, London 
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1 Anorexia in rats following injections of mazindol (0.1--8 mg/kg i.p.) could be antagonized by 
pretreatment with a dopamine receptor blocker (pimozide) but not by pretreatment with an a- 
adrenoceptor blocker (phenoxybenzamine), a f-adrenoceptor blocker ((—)-propranolol), or a 5- 


hydroxytryptamine receptor blocker (methergoline). 


2 In rats with a unilateral lesion in the substantia nigra made by stereotaxic injection of 6-hydroxy- 
dopamine, mazindol caused a dose-dependent turning towards the lesioned side, indicating an indirect 
mechanism of action. This effect could be antagonized by pretreatment with a dopamine receptor 


blocker. 


3 In rats pretreated with reserpine and a-methyl-p-tyrosine, mazindol did not have any motor 


stimulant action. 


4 In vitro studies with synaptosomes prepared from rat brain, indicated that mazindol blocks uptake 


and causes release of dopamine. 


5 It is concluded that the anorectic action of mazindol is mediated by a dopaminergic mechanism. 


Introduction 


Mazindo!l has recently been introduced as an 
anorectic, and it differs from all other previously 
available anorectics in that it is not structurally related 
to amphetamine. Gogerty, Penberthy, Iorio & Trapold 
(1975) have described it as having weak central 
nervous system stimulant properties with marked 
anorectic activity. Gogerty et al. (1975) and 
Engstrom, Kelly & Gogerty (1975), suggest that the 
anorectic activity of mazindol is due to its ability to 
block neuronal uptake of noradrenaline. As 
noradrenaline is known to stimulate rather than inhibit 
feeding when applied intracerebrally (Booth, 1968; 
Slangen & Miller, 1969), while dopamine and 5- 
hydroxytryptamine (5-HT) inhibit feeding when 
applied by this route (Kruk, 1973), it was decided to 
examine the activity of specific receptor antagonists 
on the anorectic response to mazindol. In the event, 
dopamine receptor stimulation was indicated, and the 
activity of mazindol in other dopamine-sensitive 
animal models in vivo was examined. Finally, in vitro 
studies of uptake and release of dopamine using 
neostriatal synaptosomes were made to confirm the 
evidence obtained by the in vivo studies. 


Methods 
Measurement of anorectic response in rats 


Groups of six adult Sprague-Dawley rats were housed 
in a room maintained at 20°C + 1°C and a 12h light, 
12 h dark cycle, the light cycle starting at 07 h 00 min. 
The rats were trained to eat their daily food intake in a 
period of 4 h, and the amount eaten after 1, 2 and 4h 
was recorded. Water was available at all times. All 
drugs were injected intraperitoneally, and the doses 
refer to the form listed below. Anorectic drugs were 
always administered at 11h 30min, which was 
30 min before food presentation at 12h 00 min. 
Pretreatment times refer to the time before the start of 
the feeding period. Inhibition of feeding was expressed 
as the percentage decrease in food eaten in the first 
hour following drug treatment, when compared with 
appropriate saline (0.9% w/v NaCl solution) control 
for that group on the previous day. ED., values 
(defined as the dose of drug required to decrease the 
food eaten by 50% in the first hour) were calculated 
by the method of Litchfield & Wilcoxon (1949). At 
least five groups of six animals were always used to 
determine any dose-response curve. 
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Unilateral injections of 6-hydroxydopamine 


Male rats weighing 160—-180g were anaesthetized 
with sodium methohexitone (Brietal, Eli Lilly) 
50 mg/kg, and placed in a David Kopff stereotaxic 
frame. A unilateral injection of 6-hydroxydopamine 
(25 ug/rat) in 5ul was made at coordinates A 2.4, 
L 1.7, V 1.9—2.9 above the intra-aural line, which is in 
the region which includes the zona compacta of the 
substantia nigra (König & Klippel, 1967). 


Measurement of turning activity 


Turning activity was measured by direct observation 
of individual rats placed in an open field measuring 
57 cm x 57 cm. Counts were made for 1 min at the 
times indicated in the figure. Spontaneous locomotor 
activity was observed in the same open field. 


Measurement of [*H]-dopamine uptake and release by 
brain synaptosomes 


Uptake. Uptake studies were made on synaptosomes 
by a method based on that of Snyder & Coyle (1969). 
The striata from male rats were homogenized with a 
teflon pestle in a glass grinding vessel in 8 volumes of 
0.25M sucrose. Homogenates were centrifuged at 
1000 g for 10min at 4°C, and 100u1 of the 
supernatant synaptosomal fraction were then 
preincubated with shaking at 37°C for 5 min in an 
atmosphere of 95% O, and 5% CO,, in a final volume 
of 2 ml. The incubation medium was Krebs-Henseleit 
solution of the following composition (mM) NaCl 117, 
KCI 5.3, MgSO, 0.53, CaCl, 0.95, NaH,PO, 0.90, 
NaHCO, 25.0, glucose 11.1, ascorbic acid 1.13, 
disodium edetate 0.13 and pargyline 0.125. After pre- 
incubation, [7H]-dopamine was added to make a final 
concentration in the incubation medium of 0.1 uM. 
Incubation was continued for 10 min under conditions 
identical to those of the preincubation. Incubation was 
stopped by rapid cooling in an ice bath, and the tissue 
and incubation medium were separated by centrifuga- 
tion at 50,000 g for 30min at I-2°C. A sample 
(0.1 ml) of the supernatant fluid was taken and total 
radioactivity determined by liquid scintillation 
counting. The remaining supernatant was discarded 
and the pellet was rinsed twice with 2 ml ice cold 
saline. Absolute ethanol (1 ml) was added to the tube 
containing the pellet, and left to extract at 1—2°C for 
16h; 0.1 ml of the ethanol was taken for liquid 
scintillation counting. Particle medium ratios were 
calculated as counts min`! g wet tissue! divided by 
counts min`! ml incubation medium~'. Blank values 
from samples identically prepared and treated but 
incubated at 1-2°C were subtracted and inhibition of 
uptake was calculated by comparison with samples 
incubated free of drug. IC., values, defined as the 
molar concentration of drug producing 50% inhibition 


of [3H]-dopamine uptake in 10 min were calculated by 
plotting the % inhibition of uptake against concentra- 
tion of inhibitor on semilogarithmic paper. At least six 
determinations were made at each point. 


Release. The ability of mazindol to release [#H]- 
dopamine from synaptosomes was studied by a 
method based on that of Ferris, Tang & Maxwell 
(1972). Synaptosomes from rat striatum were 
prepared as described above; 3 ml of the 1000 g super- 
natant fluid containing synaptosomes was incubated 
with 17 ml incubation medium (composition described 
above), at 37°C in an atmosphere of 95% O, and 5% 
CO, with shaking, for 10 minutes. [*H]-dopamine 
(final concentration 0.1 uM) was then added, and 
incubation continued for 5 minutes. The incubate was 
then cooled to 1~2°C and centrifuged at 50,000 g for 
30min at 1-—2°C. The supernatant fluid was 
discarded, and the pellet was carefully washed twice 
with 2ml ice cold saline. The pellet was then 
resuspended in the original volume (3 ml) of ice cold 
incubation medium; 100 ul of this preparation was 
then added to 1.9m! fresh incubation medium 
(preincubated for 5 min at 37°C in 95% O, and 5% 
COQ,) and incubation continued for a further 5 min in 
either the presence or absence of drug. Incubation was 
stopped by rapid cooling, and particle : medium ratios 
were determined as described above. The percentage 
{3H]-dopamine released in the absence of drug was 
subtracted from the percentage ([°H]-dopamine 
released in the presence of drug. The corrected 
percentage of [*H]-dopamine released under the 
influence of drug alone was then plotted against con- 
centration of drug on semilogarithmic paper, and 
RC, values (defined as the molar concentration of 
drug required to release 50% of the [°H]-dopamine 
from the synaptosomes in 5 min) were determined. 


Drugs 


The following drugs were used: mazindol (Wander), 
(+)-amphetamine sulphate, phenoxybenzamine 
hydrochloride, (SK & F), apomorphine hydrochloride 
(MacFarlane Smith), pimozide (Janssen), 6-hydroxy- 
dopamine dihydrobromide, pL-a-methyl-p-tyrosine 
methyl ester (Sigma), (—)-propranolol (ICI), mether- 
goline (Pharmatalia), reserpine (BDH), pargyline 
(Abbott), (?7H]-dopamine hydrochloride (5.6 Ci/mmol) 
(The Radiochemical Centre, Amersham). 


Results 


Antagonism of anorectic responses to mazindol by 
receptor blockers 


Dose-effect relationships were established for 
mazindol-induced anorexia in the absence (saline pre- 
treatment) or presence of drugs with receptor blocking 


activity. From these dose-effect curves ED,, values 
were calculated by the method of Litchfield & 
Wilcoxon (1949). 

Following pretreatment with pimozide, a significant 
antagonism of mazindol anorexia was seen, and the 
ED.) values were significantly increased. 5-HT 
receptor blockade, a-adrenoceptor block or $- 
adrenoceptor block did not antagonize mazindol 
anorexia (Table 1). 

Whereas pimozide and methergoline had no effect, 
(—}propranolo] (10 mg/kg) and phenoxybenzamine 
(5 mg/kg) decreased food intake (Table 2). The ED., 
for mazindol following propranolol was significantly 
decreased; after phenoxybenzamine pretreatment the 
ED,, value for mazindol was not significantly 
changed. 

While the receptor antagonist experiments indicated 
that mazindol interacts with dopamine receptors, it 
was not possible to distinguish from feeding 
experiments whether the action was by direct receptor 
stimulation, or indirectly by release and/or block of re- 
uptake. 
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Animal models used to distinguish between direct and 
indirect receptor activation 


Turning in rats with a unilateral substantia nigra 
lesion. Mazindol caused a dose-dependent turning 
towards the lesioned side, and this effect could be 
antagonized by pretreatment with pimozide (Figure 1). 
In the same rats, (+)}amphetamine (1—8 mg/kg i.p.) 
caused a dose-dependent turning towards the lesioned 
side, while apomorphine (0. 1—1.0 mg/kg s.c.) caused a 
dose-dependent turning away from the lesioned side. 
In the conventional interpretation of this model 
(Ungerstedt, 1971) direct receptor stimulant drugs 
such as apomorphine cause turning away from the 
lesioned side due to direct stimulation of supersensitive 
receptors, while indirect receptor stimulant drugs such 
as amphetamine, cause turning towards the lesioned. 
side by releasing dopamine from the unlesioned side. 
By analogy in this particular model, it was concluded 
that mazindol acts indirectly in a manner similar to 
that of (+}:amphetamine. 


Table 1 Effect of receptor blockers on mazindo!l-induced anorexia 


Treatment 

Pretreatment range of 50r6 
Pretreatment time doses ED p (+95% confidence limits) 
(mg/kg l.p.) (h) (mg/kg ip.) (mg/kp i.p.) P 
Saline 2 Mazindol (0.5—8) 2.4 (5.25—1.10) 
Pimozide 0.062 2 Mazindol (1—16) 5.1 (11.22—2.32) <0.05 
Pimozide 0.125 2 Mazindol (1—16) 5.8 (12.06—2.79) <0.05 
Pimozide 0.26 2 Mazindol (1—16) 6.9 (10.42—4.57) <0.05 
Methergoline 0.5 2 Mazindol (0.5—8) 2.0 (4.58—0.87) NS 
Phenoxybenzamine 5 1 Mazindol (0.5—8) 2.4 (4.12—1.4) NS 
Propranolol 10 1 Mazindol (0.6—8) 0.98 (1.47—0.65) <0.05 


ED,, values are based on the food eaten during the first hour after presentation of food, 30 min after mazindol 
treatment. 


Table 2 Effect of receptor blockers on feeding in groups of 6 tralned rats 


Pretreatment ` Food eaten in the first Food eaten In the first 

(Saline § ml/kg or Pretreatment hour after saline hour after receptor 

receptor blocker time pretreatment blocker pretreatment 

mg/kg i.p.) (h) (g+s.e. mean, n=6) (g+s.e. mean, n=6) P 
Pimozide 0.125 2 71.5+4.6 67.8+3.0 NS 
PImozide 0.25 2 70.5 +2.6 76.0+ 2.5 NS 
Methergolline 0.5 2 60.8+5.8 66.0+ 3.5 NS 
Phenoxybenzamine 6 1 60.7+4.5 468.7 + 4.2 <0.05 
(—)-Propranolol 10 1 71.4447 57.5 + 4.9 <0.05 


Saline, 5 ml/kg was administered 30 min before presentation of food, after the pretreatments as shown. 
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Figure 1 Effect of mazindol {O} 2 mg/kg, (W) 


„4 mg/kg, (@) 8 mg/kg i.p., and mazindol (a) 4 mg/kg 
ip. 2h after pimozide 0.5 mg/kg, on tuming 
behaviour in rats with a unilateral 6-hydroxy- 
dopamine lesion in the substantia nigra. n= 6. 
Vertical bars indicate s.e. mean. 


Spontaneous activity in reserpine and a-methyl-p- 
tyrosine treated animals. By pretreatment with 
reserpine (5 mg/kg) 16 h previously and DL-a-methyl- 
p-tyrosine (250 mg/kg) 1 h previously, it is possible to 
test drugs in animals in which storage and synthesis of 
catecholamines is severely decreased (Andén, Fuxe, 
Hokfelt & Rubensson (1967). As shown in Table 3, 
the response of animals treated with mazindol was in- 
distinguishable from the response observed following 
(+}-amphetamine. The effect could not be altered by 
increasing the dose of either mazindol or (+) 


amphetamine. By contrast, the direct dopamine 
receptor stimulant apomorphine caused a dose- 
dependent increase in motor activity, aggression and 
chewing activity, some of the animals inflicting major 
damage to their own hind legs and tails by their 
compulsive chewing. 

The results from this series of experiments indicated 
that mazindol has indirect dopamine receptor 
stimulant action, and it was therefore decided to 
investigate the ability of mazindol to release and block 
re-uptake of dopamine. 


Effect of mazindol on uptake and release of dopamine 
in striatal synaptosomes 


Mazindol blocked the uptake of [°H]-dopamine into 
synaptosomes prepared from rat neostriatum in a 
concentration-dependent manner (Table 4). At a con- 
centration 50 times greater than that needed to block 
uptake of dopamine by 50%, mazindol could release 
50% of the [7H]-dopamine previously taken up into 
neostriatal synaptosomes. For comparative purposes, 
(+)-amphetamine was also tested in this system and it 
is seen that amphetamine is approximately 3 times 
more potent as an uptake blocker and 300 times more 
potent as a releaser of dopamine than mazindol. 


Discussion 


Mazindol anorexia was antagonized by a specific 
dopamine receptor blocking compound, pimozide 
(Andeén, Butcher, Corrodi, Fuxe & Ungerstedt, 1970). 
Pimozide also antagonizes (+)-amphetamine-induced 
anorexia (Kruk, 1973). The antagonism of the 


Table 3 Effect of mazindol, (+)-amphetamine and apomorphine on spontaneous 
behaviour In rats, pretreated 16 h previously with reserpine (5 mg/kg l.p.) and 1h 
previously with DL-a-methyl-p-tyrosine (250 mg/kg i.p.) 


Mazindol (+)/-Amphetamine 
(4 mg/kg i.p.) (4 mg/kg ip.) 

Still, hunched, Still, hunched, 
‘reserpinized’ ‘reserpinized’ 

Six rats/group. 


Apomorphine 
(1 mg/kg s.c.) 


Aggressive, vocal, 
difficult to handle, 
self-chewing 


Table 4 Effect of mazindol on the uptake and release of [H]-dopamine by 
synaptosomes prepared from rat neostriatum 


Drug 


Mazindol 
(+)-Amphetamine (base) 


ICs uptake 


0.27 + 0.04 um (8) 
66 +15 nm (7) 


RC,, release 


70 +3.6 uM (7) 
0.25 +0.22 um (6) 


N ati 


r1 


anorectic response by pimozide could be overcome by 
increasing the dose of mazindol, thus showing that the 
antagonism is at dopamine receptors, is competitive 
and reversible. This is in agreement with the finding of 
Barzaghi, Groppetti, Mantegazza & Müller (1973) and 
Kruk (1973), who found that stimulation of dopamine 
receptors with a direct receptor agonist, apomorphine, 
produced anorexia. These authors all concluded that 
activation of dopamine receptors can mediate 
anorectic responses. 

Activation of 5-HT receptors by direct application 
of 5-HT (Kruk, 1973) or indirectly by release of 5-HT 
by drugs such as fenfluramine and norfenfluramine 
(Clineschmidt, McGuffin & Werner, 1974; 
Broekkamp, Weemaes & Van Rossum, 1975) can 
produce anorexia in rats. In the experiments reported 
here, methergoline, a specific 5-HT receptor blocker 
(Beretta, Ferrini & Glasser, 1965), did not antagonize 
the anorectic response to mazindol; thus it was 
concluded that activation of 5-HT mechanisms is not 
involved in mediating mazindol anorexia. 

Engstrom et al. (1975) and Gogerty et al. (1975) 
tentatively suggest that mazindol anorexia may be 
associated with the ability of mazindol to block 
noradrenaline uptake, presumably implying that the 
anorexia is mediated by activation of noradrenaline- 
sensitive receptors. The lack of antagonism by a- 
adrenoceptor of f-adrenoceptor blocking agents in the 
present experiments, argues against noradrenaline 
having a role in mediating anorectic responses to 
mazindol. Schmitt (1973) found that neither a- 
adrenoceptor nor f-adrenoceptor blocking agents 
antagonized anorectic responses to (+}amphetamine 
or fenfluramine, indeed it would be unexpected to find 
noradrenaline having a role in mediating anorectic 
responses as it is well documented that direct 
application of noradrenaline or substances stimulating 
a-adrenoceptors, stimulates feeding in satiated rats, 
and this effect can be antagonized by a-adrenoceptor 
blocking agents (Booth, 1968; Broekkamp & Van 
Rossum, 1972; Kruk, 1973). 

From the anorexia antagonism studies with specific 
receptor blockers, it was concluded that mazindol 
exerts its action through activation of dopamine 
receptors. Whether this effect is due to a direct or 
indirect action on these receptors, was initially 
investigated in vivo. 

When mazindol was tested in the substantia nigra- 
lesioned turning rat model (Ungerstedt, 1971) a dose- 
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STRUCTURE-ACTIVITY RELATIONS 
OF EXCITATORY AMINO 


ACIDS ON FROG AND RAT SPINAL NEURONES 


T.J. BISCOE, R.H. EVANS, P.M. HEADLEY,’ M.R. MARTIN & J.C. WATKINS 
Departments of Physiology and Pharmacology, The Medical School, 


University of Bristol, Bristol BS8 1TD 


1 A series of compounds structurally related to glutamic acid has been tested on frog and rat spinal 
neurones. The substances were added to procaine-containing medium bathing the isolated hemisected 
spinal cord of the frog, and their potencies in depolarizing motoneurones were assessed by the 
magnitude of the potential produced in the ventral root. The electrophoretic technique was used to 
administer the substances around single interneurones of the rat spinal cord and the relative potencies 
of the compounds as excitants assessed by the magnitude of the currents required to produce similar 
rates of neuronal firing. 

2 Parallel structure-activity relations were observed in the two series of experiments, suggesting that 
the receptors for excitatory amino acids on frog and rat spinal neurones are similar. 

3 Quisqualate, domoate and kainate were the strongest excitants in both animals, with potencies 
around two orders of magnitude higher than that of L-glutamate. 

4 2,4,5-Trihydroxyphenylalanine (6-OH-DOPA) was a stronger excitant and L-3,4-dihydroxy- 
phenylalanine (L-DOPA) a weaker excitant than L-glutamate on frog spinal motoneurones, The former 
compound was also a more potent convulsant than L-glutamate on intraventricular injection into 
mouse brain. The lack of activity of 6-OH-DOPA on electrophoretic administration was attributed to 
oxidation. 

5 Unlike the majority of amino acid excitants, several of the compounds shown in the present work 
to have moderate excitatory activity are not anionic at physiological pH. This indicates either that two 
negatively charged groups are not essential for interaction with a common excitatory receptor, or that 


more than one type of receptor is involved in the actions demonstrated. 


Introduction 


There is mounting evidence that the anions of some 
acidic amino acids may function as excitatory 
transmitter substances in the mammalian central 
nervous system. Although L-glutamate and L- 
aspartate are the two compounds most generally 
favoured to perform such a role, structure-activity 
studies (Curtis, Phillis & Watkins, 1961; Curtis & 
Watkins, 1963) have revealed several other 
compounds that must also be considered as possible 
transmitters (Curtis & Johnston, 1974). A continuing 
study of structure-activity relations is important not 
only to extend the list of transmitter candidates, but 
also to gain insight into the mechanisms underlying 
the membrane depolarizing effects of these 
compounds on central neurones. 


! Present address: John Curtin School of Medical Research, 
The Australian National University, Canberra A.C.T., 
Australia. 


It was previously shown that the actions of amino 
acids on neurones of the amphibian isolated 
hemisected spinal cord, as manifested by changes in 
the level of ventral root polarization when the 
substances were added to the perfusion medium 
(Curtis et al., 1961), were generally consistent with the 
effects of the substances when applied by micro- 
electrophoresis around single neurones of the 
mammalian spinal cord (Curtis & Watkins, 1960, 
1963). However, interpretation of the amphibian 
results was complicated by the fact that the ventral 
root responses were compounded of both direct 
actions of the added substances on the motoneurones 
and indirect effects on neurones forming part of 
synaptic pathways terminating on motoneurones. This 
difficulty has recently been overcome by the inclusion 
in the perfusion medium of procaine, tetrodotoxin or a 
high Mg% concentration, all of which prevent 
synaptically relayed effects, so restricting the 
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responses of the ventral roots to the direct actions of 
the amino acids on motoneurones (Barker & Nicoll, 
1973; Konishi & Otsuka, 1974; Barker, Nicoll & 
Padjen, 1975; Evans & Watkins, 1975a). Using the 
procaine-containing system we have tested an 
extensive series of excitants covering a wide range of 
related structures and established an order of potency 
for the compounds on frog motoneurones. In view of 
the convenience of the preparation for studying amino 
acid actions, it was important to investigate if such 
results might be meaningful in relation to the 
mammalian central nervous system. Accordingly, a 
selected series of the same compounds was also tested 
on rat spinal neurones by the microelectrophoretic 
technique, and the relative potencies compared with 
those obtained on the frog. Preliminary reports of this 
work have been published (Biscoe, Evans, Headley, 
Martin & Watkins, 1975; Evans & Watkins, 1975b). 


Methods 


Amino acids were tested for excitatory activity on the 
isolated hemisected cord preparation of the frog 
(Curtis et al., 1961) modified by the inclusion of 1 mM 
procaine in the perfusion medium (Evans & Watkins, 
1975a). The other components of the perfusion 
medium were (mM): NaCl] 111, KCI 2, CaCl, 2, 
glucose 12 and tris base 10; the pH was adjusted to 
7.5 with 11.3N HCl. The solution was dripped 
directly on to the tissue at a rate of 1.5 mi per min, 
with the temperature maintained at 12.5+0.2°C, 
Ag/AgCl electrodes were used to record the potentials 
occurring between the distal end of ventral roots 8 or 9 
and the bathing solution; the potential so recorded 
reflects the level of motoneurone transmembrane 
polarization. Solutions of the amino acids in the 
perfusion medium were tested in 1 ml volumes at two 
concentrations within the range 0.25 uM to 5 mM (pH 
adjusted to 7.5 with NaOH where necessary) on at 
least three preparations. The depolarizations produced 
were matched with those obtained with L-glutamate 
(0.05—2 mM). Relative potencies were obtained from 
the ratios of the concentrations producing equal 
depolarizations. Recovery times, following washout of 
the substances, were also measured and compared 
with those observed for L-glutamate. 

Many of the compounds were also tested on rat 
lumbar spinal interneurones by microelectrophoresis 
(Biscoe, Duggan & Lodge, 1972). Extracellular 
recordings of the discharge rates of neurones were 
made with the 4M NaCl-filled centre barrel of seven 
barrel micropipettes, and were displayed on a 
potentiometric pen recorder by conventional 
techniques. The remaining barrels contained solutions 
of the mono-sodium salts of the amino acids to be 
tested; these were prepared by dissolving the free acids 
in one equivalent of NaOH solution of the desired 


molarity. Estimates of the excitatory potency of the 
various amino acids were made by comparing the 
ejecting currents required to produce approximately 
equal frequencies of spike discharge. In an attempt to 
relate the potencies of the strong excitants (such as the 
anthelmintics kainate, domoate and quisqualate) to 
that of L-glutamate, comparisons were made on the 
same cells first of the potencies of the strong excitants 
with DL-homocysteate (all at 2.5 or 5 mM in 47.5 or 
45mM NaCl, respectively) and then of DL- 
homocysteate with L-glutamate (both at 200 mM in 
water). The use of these dilute solutions of the strong 
excitants was necessary in order to minimize the 
effects of diffusion from the electrode tips. All other 
amino acids were used as 200 mM solutions of the 
mono-sodium salts in water. 

In order to gain information about the purity and 
also about the ionization of the substances, all the 
amino acids used in this study were subjected to high- 
voltage paper electrophoresis using buffers of various 
pH values between 3 and 10 (2000 V/15 min; 
Whatman No.1 paper). In the case of 2,4,5-tri- 
hydroxyphenylalanine (6-OH-DOPA) and L-3,4- 
dihydroxyphenylalanine (L-DOPA), 50 mM ascorbic 
acid was included in the buffers to protect against 
oxidation. Spots were detected with ninhydrin. 

The compounds used, and their sources, were as 
follows: D- and L-glutamic acid, D- and L-aspartic 
acid, D-asparagine, L-serine (BDH); kainic acid, L- 
DOPA, 6-OH-DOPA, D- and L-malic acid, D- 
asparagine, D-serine (Sigma); DL-homocysteic acid 
(Calbiochem); quisqualic acid, domoic acid, a- 
allokainic acid (gifts from Professor T. Takemoto, 
Tohoku University); | DL-2-amino-4-thiosulphony]- 
butyric acid and L-2-amino-3-thiosulphonylpropionic 
acid (gifts from Dr C. de Marco, Cagliari); 6- 
hydroxy-2-pyridylalanine (gift from Dr P.T. Sullivan, 
Ann Arbor); O-sulpho-L-serine (gift from Dr R.A. 
John, Cardiff); mimosine (gift from Professor K-H. 
Ling, Taipei); N-methyl-D-aspartic acid (prepared by 
the method of Watkins, 1962). 


Results 
Anthelmintics 


Quisqualic acid, domoic acid and kainic acid (Table 1, 
compounds 1, 2 and 3, respectively) are naturally 
occurring substances which have powerful anthel- 
mintic properties; quisqualic acid occurs in the seeds 
of the plant genus Quisqualis (Takemoto, Takagi, 
Nakajima & Koiki, 1975; Takemoto, Koike, 
Nakajima & Arihara, 1975; Takemoto, Nakajima, 
Arihara & Koiki, 1975), while kainic and domoic 
acids are found in the marine algae Digenea simplex 
and Chondria armata respectively (Ueno, Nawa, 
Ueganagi, Morimoto, Nakamori & Matsuoka, 1955; 
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Ventral root depolarizations produced by excitatory amino acids on the isolated hemisected spinal 


cord of the frog in the presence of 1 mM procaine. Period of contact of the amino acids with the tissue shown 
by the horizontal bars. Figures below each compound refer to concentration in uM. Quis, quisqualate; Glu, L- 
glutamate; Kai, kainate; Dom, domoate; Thio-DLH, DL-2-amino-4thlosulphonyl-n-butyrate; HPA, 1,2-dihydro- 
2~0xo0-6-pyridylalanine; 6B-OH-DOPA, 2,4,5-trihydroxyphenylalanine; DOPA, t-3,4-dihydroxyphenylalanine. 


Takemoto & Draigo, 1960; Takemoto, Draigo, 
Kondo & Kondo, 1966). Quisqualate is a potent 
glutamate-like excitant at the crayfish neuromuscular 
junction (Shinozaki & Shibuya, 1974) and kainate 
strongly excites rat cortical (Shinozaki & Konishi, 
1970) and cat spinal (Johnston, Curtis, Davies & 
McCulloch, 1974) neurones. Both compounds are 
considerably more potent than L-glutamate in these 
actions. 

In the present study, all three amino acids were 
found to be remarkably potent as excitants of spinal 
cord neurones in both the frog and rat (Table 1). 
Concentrations in the range of 0.25—-l10uM gave 
readily measurable depolarizations in the frog ventral 
root. The actions of these amino acids were more 
prolonged than that of L-glutamate, persisting for up 
to Smin after washout in the case of domoate 
(Figure 1). The action of a-allo-kainate (Table 1, 13), 
a stereoisomer of kainate, was considerably weaker 
than that of kainate in the frog cord, but was similarly 
prolonged; this compound has also been shown to be 
less potent than kainate on rat cerebral neurones 
(Shinozaki & Konishi, 1970). 

When tested in the rat spinal cord the three anthel- 
mintics and also a-allo-kainate showed similar relative 
potencies to those observed in the frog. The excitatory 
action of domoate and kainate was sometimes 
prolonged, occasionally lasting for several minutes 
after termination of the ejection currents. This 
phenomenon, coupled with the effects of the high 
retaining currents necessary to prevent diffusional 
escape of the substances, caused difficulties in the 


assessment of the potencies of these compounds 
relative to other amino acid excitants. Two methods 
were used in an attempt to evaluate relative potencies. 
With the first method, substances were applied 
repeatedly for relatively short periods (0.5—1.5 min) 
until successive applications gave similar responses. 
This procedure occasionally resulted in maintained 
low frequency excitation between applications of the 
longer-acting substances (e.g. kainate and domoate in 
Figure 2a). Such an effect might be expected to give 
spuriously high estimates for the relative potencies of 
these substances; however, equally high or higher 
potencies relative to DL-homocysteic acid were 
sometimes observed even in the absence of maintained 
baseline . excitation (Figure 2b). With the second 
method (not illustrated), substances were applied 
continuously over a period of 1—3 mun, the ejection 
currents being adjusted as necessary to achieve a 
plateau of firing frequency as close as possible to that 
obtained by similarly prolonged administration of DL- 
homocysteate. The two methods yielded similar 
ranges of potency ratios, and results from both are 
included in the ranges given in Table 1. 


Sulphur-containing amino acids 


The high activity of DL-2-amino-4-thiosulphonyl- 
butyric acid (De Marco, 1972) (Table 1, 6), observed 
in both the frog (Figure 1) and rat (Figure 2c) was 
similar to that of the sulphonic acid analogue DL- 
homocysteic acid (Table 1, 5). L-2-Amino-3-thio- 
sulphonylpropionic acid (Table 1, 14), which is the L- 
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Table 1 Compounds tested on frog and rat spinal neurones 


Frog Rat 
Potency 
Structure No. Nama Potency* Recov.t range* 
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Table 1—-continued 


Structure No. 
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Name 
L-Aspartic acid 


D-Aspartic acid 


a-alfo-Kainic acid 


L-2-Amino-3- 
thlosulphonyi- 
propionic acid 


O-Sulpho-t-serine 


L-Asparagine 


b-Asparagine 


L-DOPA 


L-Serine 


D-Serine 


L-Malic acid 


D-Malic acid 


Mimosine 
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Potency* 
0.49 + 0.06 
0.75 +0.13 


0.25 +0.05 


0.4 


0.46 + 0.07 


0.13 +0.3 
0.33 +0.05 


0.26 +0.06 


0.03 + 0.005 


0.24 +0.02 


0 
0.14 +0.03 


0.09 +0.01 


Frog 
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Rat 
Potency 
Recov.t range* 
1.30.2 
1.00.1 
6.30.8 0.5-2 
0.1~0.2 
1.4 +0.2 
2.1+0.1 
2.3+0.2 
2.3 +0.2 0-0.2 
2.6 +0.86 
2.4+0.7 "a 
2.8 +40.2 
3.9+0.5 


* Relative to \-Glutamate = 1.0. t Time from peak response to 90% of full recovery expressed as a ratio to the 
recovery from L-glutamate-Induced depolarizations of equal magnitude. ** Paroxysmal excitation, presumably 


dus to co-administered H+ ions. 
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Figure 2 Chart recordings of the excitation of three different rat spinal interneurones by electrophoretically 
administered amino acids. Ordinates, splke frequency; absclssae, time (min). Horizontal bars show duration of 
administration. The compounds and the electrophoretic current (nA) are indicated below each bar. (a) Showing 
method of matching responses of the anthelmintics, kainate, quisqualate, and domoate {ali 2.5 mm in 
147.5 mm NaCl) with o_-homocysteate (DLH, 2.6 mM In 147.6 mm NaCl and 200 mM In H,O) and with L- 
glutamate (200 mm in H,O). Note continued base line excitation produced by kainate and domoate. (b) Similar 
to (a), but no base line excitation produced in this case. {DLH solution, 200 mM in H,O, anthelmintic solutions 
as in (a).} (c) Matched responses for two other amino acids and t-glutamate (all 200 mm in H,0)}. Abbreviations 


as in Figure 1. 


form of the lower homologue of compound 6, and the 
thio-acid analogue of the moderately strong excitant 
L-cysteic acid (Curtis & Watkins, 1960; 1963; Curtis, 
Phillis & Watkins, 1960; 1961) was a much weaker 
excitant than compound 6 in both species; it was not 
compared with L-cysteic acid. O-Sulpho-L-serine 
(Table 1, 15), an irreversible inhibitor of aspartate 
aminotransferase (John & Fasella, 1969), was also a 
weak excitant in the frog cord, corresponding to the 
weak action of this compound on cat spinal neurones 
(Curtis, Duggan, Felix, Johnston, Tebecis & Watkins, 
1972); it was not tested on rat neurones. 


Aromatic amino acids 


A number of polyhydroxyphenyl and hydroxypyridyl 
amino acids showed a range of excitatory activity. 6- 
OH-DOPA (Table 1, 7) was the strongest excitant of 
this type when tested on the frog cord where it had a 


very prolonged action (Figure 1). No activity could be 
demonstrated on rat spinal neurones when the 
substance was tested electrophoretically. This lack of 
effect in the rat was probably due to oxidation of the 
compound prior to or during its electrophoretic 
administration from alkaline solutions (pH 8—9) of the 
monosodium salt, since stock solutions of similar pH 
were shown to lose activity at the rate of about 4% per 
min when tested on the frog spinal cord. This 
assumption was supported by the effects of fresh 
solutions of 6-OH-DOPA which were intraventricu- 
larly injected into mice by the method of Crawford 
(1963). The compound (10 pmol/ml) was dissolved in 
150 mM NaCl containing 10 mM NaOH, the solution 
was adjusted to pH 7.4 with HCl, and 10- or 20-1 
volumes were injected immediately. Convulsions 
occurred within a few seconds. When tested 
concurrently by the same method, DL-homocysteate 
was more potent and L-glutamate less potent than 6- 
OH-DOPA. 


Three other compounds in this group showed 
activity both in the superfusion experiments on the 
frog spinal cord and by the electrophoretic method in 
the rat spinal cord. L-DOPA (Table 1, 18; Figure 1), 
which has been shown to be a weak excitant of 
mammalian central neurones (Krnjević & Phillis, 
1963) had weak activity in both species in the present 
studies. Two  pyridine-related compounds, 1,2- 
dihydro-2-oxo-6-pyridylalanine (Table 1, 8; Figure 1 
and 2c), which is the stable (keto) form of 6-hydroxy- 
2-pyridylalanine, and mimosine (Table 1, 23), were 
also excitants. The former compound, a synthetic 
substance (Sullivan, Sullivan & Norton, 1971), was 
approximately equi-effective with L-glutamate on both 
frog and rat spinal neurones. In the rat, the substance 
gave similar results when administered electro- 
phoretically either with anionic currents from 
solutions of the sodium salt at pH 9 or with cationic 
currents from solutions of the amino acid adjusted to 
pH 3 with HCl. Mimosine, a toxic substance which 
occurs in leguminous plants (De Wreede & Wayman, 
1970) was not tested in the rat, but has been reported 
to be an excitant of cat spinal neurones (Curtis et al., 
1972). It was considerably weaker than L-glutamate in 
depolarizing frog motoneurones. 


Other compounds 


(a) N-Methyl-D-aspartate. This compound (Table 1; 

4) was more potent and had a longer lasting effect 

than L-glutamate on both frog and rat neurones, 

in accordance with previous studies (Curtis et al., 

1961; Curtis & Watkins, 1963; Crawford & 

Curtis, 1964). However, its potency relative to L- 

glutamate was considerably lower than that 

observed in non-procaine treated (unblocked) 
amphibian spinal cord preparations (Curtis etal., 

1961). 

D-Glutamate, L- and D-aspartate. These 

compounds (Table 1; 10, 11 and 12) were tested 

only on frog spinal neurones in the present study; 
their relative potencies were within the ranges of 
those observed in other investigations in both 

mammals (Curtis & Watkins, 1960; 1963; 

Crawford & Curtis, 1964) and amphibia (Curtis et 

al., 1961) though only in the latter study was the 

mean potency of D-glutamate higher than that of 
the L-isomer as also found in the present work. 

(c) L- and D-Asparagine. The L form (Table 1; 16) 
had a very weak depolarizing action on the frog 
cord but the D form (Table 1; 17) was somewhat 
stronger, being about one third as potent as L- 
glutamate. This finding conforms with those of 
previous studies on unblocked amphibian spinal 
cord (Curtis et al., 1961). Excitatory actions have 
also been observed in electrophoretic studies in the 
cat (Krnjević & Phillis, 1963; Crawford & Curtis, 
1964) when the substances were administered as 
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cations from acidic solutions, but the actions in 
those cases were dissimilar to that of L-glutamate 
and may have involved wholly or in part the 
effects of raised extracellular pH. Hydrogen ions 
are co-administered from acidic solutions by 
electrophoresis, and are also liberated from the 
cationic form of neutral amino acids when these 
enter the extracellular fluid (Curtis & Watkins, 
1960). The two forms of asparagine were not 
tested in the present electrophoretic studies on the 
rat spinal cord. 

(d) L- and D-Seriné (Table 1, 19 & 20). In the present 
experiments on the frog cord the L form had only 
a very weak depolarizing action while the D form 
was more potent, being about one quarter as 
strong as L-glutamate. This finding is in agreement 
with previous studies on the unblocked amphibian 
spinal cord (Curtis et al, 1961). When passed as a 
cation from solutions of pH 3 in electrophoretic 
experiments on the rat, D-serine caused delayed 
high-frequency discharges which could not be 
clearly differentiated from H* ion effects. L-Serine 
was not tested on rat spinal neurones, but has 
previously been found to have a strychnine- 
sensitive depressant action in the cat spinal cord 
(Curtis, Hosli & Johnston, 1968). 

(e) L- and D-Malic acid (Table 1, 21 & 22). On the 
frog spinal cord, the D form had a weak 
depolarizing action, but no activity was 
demonstrated with the L form (5 mM). Neither 
compound was tested on rat spinal neurones. 
These compounds have previously been found to 
be weakly excitatory in the unblocked amphibian 
spinal cord, the D form again being the more 
potent (Curtis et al., 1961), but neither compound 
had any detectable action when administered 
electrophoretically around cat spinal neurones 
(Curtis & Watkins, 1960). 


Discussion 


A close parallelism has been observed between the 
relative potencies of a range of amino acid excitants 
tested on frog and rat spinal neurones. The only major 
difference observed in the two series of experiments 
was in the ineffectiveness of 6-OH-DOPA on micro- 
electrophoretic administration around rat spinal 
neurones. However, this anomaly was readily 
explained by the instability of the compound, as 
discussed in the Results section. It can thus be 
concluded that the receptors for excitatory amino 
acids on spinal neurones of the two species are similar. 

From the structure-activity relations summarized in 
Table 1, it appears that a variety of terminal groups 
can replace the w-carboxylic terminal of glutamate or 
aspartate with retention, or indeed in many cases 
pronounced enhancement of excitatory activity. The 
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Figure 3 Proposed anionic structure of quisqualate 
(above) in comparison with glutamate (below). 


allowable variation embraces carboxylic, sulphonic, 
thiosulphonic, phenolic, hydroxypyridine (keto-form) 
and the unusual heterocyclic (oxadiazolidine) dione 
system of quisqualic acid. Other examples have been 
quoted in our preliminary communication (Biscoe et 
al., 1975). 

Quisqualate, domoate and kainate were by far the 
most potent excitants. Experiments with high-voltage 
paper electrophoresis showed that all three substances 
are anionic at physiological pH. In the case of 
quisqualic acid (Table 1; 1) this observation 
presumably indicates that the ring system loses the 
sole proton and becomes negatively charged, the 
ionized form probably being stabilized by a resonance 
hybrid structure involving the carbonyl groups. Thus 
the charge may be distributed between the nitrogen 
atom and the two oxygen atoms (Figure 3). Of these 
three atoms, the C,-oxygen atom seems particularly 
favourably situated with respect to the amino and 
carboxylate groups, since in certain conformations of 
the molecule, this oxygen atom can be isosteric with 
one of the y-carboxylate oxygen atoms of glutamate 
(Figure 3). 

The high activity of domoate and kainate (Table 1; 
2 and 3 respectively) taken in conjunction with the low 
activity of a-allo-kainate (Table 1; 13) and also of 
dihydrokainate (Johnston et al., 1974), suggests that 
the potency of the former two substances is associated 


with unsaturation in the side chain and a cis-relation 
between the C, and C, substituents. The cis 
relationship of these substituents results in a mutual 
steric hindrance which greatly restricts the possible 
conformations of both substituents. It is therefore 
possible that in the relatively flxed conformation of the 
C, side chain, the carboxy] group is particularly well 
oriented with respect to a corresponding electro- 
positive region of the receptor. Alternatively, or in 
addition, the unsaturated groups may themselves bind 
to lipophilic areas close to the electropositive (and 
presumably hydrophilic) regions of the receptor, so 
stabilizing the complex. 

Among the other compounds tested, most interest 
attaches to the activity of certain pyridol-related 
compounds (Table 1; 8 and 23) and particularly of the 
phenolic substances, 6-OH-DOPA and L-DOPA 
(Table 1; 7 and 18, respectively). Our findings in 
regard to the latter compound confirm and extend the 
observations of Krnjević & Phillis (1963) on neurones 
in the cat cerebral cortex. Whether this direct 
excitatory effect of L-DOPA on central neurones is 
relevant to the therapeutic action of the substance in 
the treatment of Parkinsonism is a question 
warranting further investigation. 

An important aspect of the activity of the phenolic 
and pyridol-related compounds is that, on the basis of 
paper electrophoresis experiments, only mimosine 
(Table 1; 23), which is a very weak excitant, carries a 
net negative (anionic) charge at physiological pH, and 
the ionization of the ring-attached oxygen atoms is 
only partial even in this case. It has previously been 
considered (Curtis & Watkins, 1960) that glutamate- 
like activity requires one cationic and two anionic 
groups in the active form of the molecule. These 
groups were envisaged to interact with oppositely 
charged groups in the receptor molecule. It seems 
possible, therefore, that if these aromatic compounds 
do indeed interact with L-glutamate (or L-aspartate) 
receptors, they do so via a metal ion component of the 
receptor (e.g. Ca**) which could conceivably form 
coordinate bonds with undissociated hydroxyl groups 
(with displacement of a proton) as well as with ionized 
oxygen functions. The actions of asparagine and 
serine (mainly the D form in both cases) might be 
explained on a similar basis; in this case the 
coordinate link with the receptor metal ion would 
involve the co-carboxamide and alcoholic OH groups, 
respectively. The suggestion that bound Ca*+ may be 
an integral part of excitatory amino acid receptors has 
previously been made (Curtis & Watkins, 1960; 
Curtis ef al., 1961; Watkins, 1965). 

The duration of action of these compounds on the 
frog spinal cord (Table 1) appeared to be 
independent of depolarizing potency. In both the frog 
and rat experiments, slower recoveries were generally 
observed in the case of the more lipophilic 
compounds. Similarly, it was previously noted that N- 


alkyl derivatives of D-aspartic acid had durations of 
action which were directly related to the length of the 
alkyl chain (Curtis & Watkins, 1963). 

In spite of the similarity of the chemical structure of 
the compounds and of the nature of the observed 
responses, it should be emphasized that the present 
experiments do not provide any evidence as to 
whether the substances all act on the same receptors, 
or whether they induce the same ionic permeability 
changes in the neuronal membrane. These con- 
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ANALGESIA PRODUCED BY MORPHINE 
WHEN ACTING FROM THE LIQUOR SPACE 


P.K. DEY & W. FELDBERG 


National Institute for Medical Research, MII Hill, London NW7 1AA 


1 In cats analgesia was produced by morphine sulphate introduced into different parts of the liquor 
space in doses too small to be effective on intravenous injection. Analgesia was measured with the tail 
pinch method of Russell & Tate (1975). 

2 On infusion into the fourth ventricle or into the subarachnoid space beneath the ventral surface of 
the brain stem caudal to the pons, doses of 100 to 200 pg of morphine sulphate were sufficient to 
produce strong long-lasting analgesia. On injection into the cisterna magna somewhat larger doses 
(400 to 800 ug) were required. 

3 It is concluded that the site where morphine acts when producing analgesia in all three 
circumstances is at the ventral surface of the brain stem. 

4 The possibility is discussed that the structures acted upon are tryptaminergic nerve fibres. They 
arise from the raphe nuclei, belong to a descending inhibitory pathway, and on their way to the spinal 
cord, reach the ventral surface of the brain stem lateral to each pyramid, where they could be reached 
and acted upon by the morphine. This theory postulates a morphine sensitivity of tryptaminergic nerve 


fibres. 


Introduction 


There are probably several sites at which morphine 
can act when producing analgesia, but one site 
appears to be the ventral surface of the brain stem. 
This conclusion is the outcome of the present 
experiments on cats in which the analgesic effect of 
morphine was examined on its introduction into 
different parts of the liquor space. 

Recently, the hyperglycaemia produced by 
morphine injected into the cerebral ventricles of cats 
was found to result from an action on structures at the 
ventral surface of the brain stem, and the possibility 
was discussed that the same site, though not 
necessarily the same structures may be responsible for 
the analgesia that morphine produces on intra- 
ventricular injection (Feldberg & Gupta, 1974; Dey & 
Feldberg, 1975a; Dey, Feldberg & Wendlandt, 1975). 
There are in fact two observations on the analgesic 
action itself which could be readily explained in this 
way, those of Herz, Albus, Metys, Schubert & 
Teschemacher (1970) and those of Satoh & Takagi 
(1971). When viewed in conjunction, these two 
observations suggest the ventral surface of the brain 
stem as a site of the analgesic action, and perhaps not 
only when the morphine is injected into the cerebral 
ventricles, but also when injected intravenously. 

Herz et al. (1970) showed that small doses of 
morphine injected into the aqueduct or fourth ventricle 
of rabbits inhibited the nociceptive response to 
electrical stimulation of the tooth pulp. They 


concluded that the analgesic effect was due to an 
action on the periaqueductal grey matter and on 
structures in the floor of the fourth ventricle. An 
action on the ventral surface of the brain stem was not 
envisaged although this site is readily reached by these 
injections, since the morphine passes into the 
subarachnoid space solely through the lateral recesses 
at the sides of the fourth ventricle and then at once 
reaches the ventral surface. Rabbits have no foramen 
of Magendie through which the cisterna magna could 
be reached. This foramen exists in primates only. 
Satoh & Takagi (1971) stimulated the splanchnic 
nerves in cats and recorded the afferent volleys from 
the ventrolateral funiculi higher up in the spinal cord. 
These funiculi are thought to conduct visceral pain. 
The volleys were suppressed by intravenous injection 
of 4 mg of morphine and remained suppressed when 
the brain stem was transected at a level just caudal to 
the trapezoid bodies. But they were restored when the 
transection was made about 4 mm more caudally. The 
inhibitory effect of morphine on the afferent pain 
impulses must therefore have taken place within a 
4 mm long block of brain stem, at least with the dose 
of morphine used, because in larger doses morphine 
acted on the spinal cord as well. This 4 mm long block 
did not include the aqueduct or the anterior half of the 
fourth ventricle which in the experiments of Herz et al. 
(1970) would have been reached by the injections into 
the aqueduct, but it included the posterior half. 
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Figure 1 Diagrams of midsaglttal sections of cat's 
brain with Implanted Collison cannulae to illustrate 
the methods used for infusion of morphine into the 
fourth ventricle (A) or Into the subarachnold space 
beneath the ventral surface of the brain ster {B to F). 
The interrupted lines indicate the hollow needle 
inserted into and beyond the cannula shaft for the 
microinfusion of morphine. (For detalls see text.) 


However, this part of the fourth ventricle is not usually 
reached by intraventricular injections since the lateral 
recesses through which the fluid passes into the 
subarachnoid space are situated in the middle of the 
ventricle. If morphine were to act at the same site in 
both series of experiments, the site would have to be 
on the ventral surface in a region caudal to the 
trapezoid bodies, a possibility not envisaged by either 
group of workers. This site is readily reached by intra- 
ventricular injections and forms the ventral surface of 
the 4mm long block in the experiments of Satoh & 
Takagi (1971). It is also the site at which morphine 
apparently acts in the present experiments. 

Some of the results have been presented to the 
Physiological Society (Dey & Feldberg, 1975b). 


Methods 


The experiments were done on cats of either sex 
weighing between 3 and 3.5kg. For infusion of 
morphine into the fourth ventricle or into the 
subarachnoid space beneath the ventral surface of the 
brain stem either caudal to the pons or into the fossa 
interpeduncularis, a Collison cannula with a stilette 


inserted into its shaft was implanted in an aseptic 
operation under pentobarbitone sodium anaesthesia. 
After recovery from the operation the morphine was 
infused through these cannulae in a volume of 40 ul by 
a microinfusion pump which delivered this volume 
from a 100 ul syringe in 4 min 20 seconds. For the 
microinfusions the stilette was removed and a hollow 
stainless-steel needle (28 gauge) was inserted instead. 
The needle was connected to the syringe by a length of 
Polythene tubing, needle and tubing being filled with 
the solution to be infused. The general procedures of 
the operations as well as the infusions were those 
described previously (Dey et al., 1975); details varied 
with the different implantations. 


Infusion into the fourth ventricle 


The Collison cannula was implanted in such a way 
that its tip lay in the ventricle near the end of the 
aqueduct. The method of implantation was the same 
as described by Feldberg & Gupta (1974) except that 
the cannula, which had a shaft 22mm long was 
inserted at an angle of 28° instead of 20° directed 
posteriorly, insertion was in the mid line 7mm 
anterior to the interaural line. The position of the 
cannular is shown in diagram A of Figure 1. The 
hollow stainless-steel needle was inserted through the 
entire length of the shaft and 1 mm beyond it. 


Infusion into the subarachnoid space caudal to the 
pons 


Four methods were used which are illustrated by 
diagrams B to E of Figure 1. Diagram B shows the 
method in which the Collison cannula was implanted 
into the fourth ventricle, but for the infusion the 
hollow stainless steel needle was inserted not only 
throughout the entire length of the shaft but also 
through the brain stem until the tip hit the bone. It was 
then withdrawn Imm before infusion began. The 
hollow needle was inserted under Althesin (2 mg/kg 
i.v.) anaesthesia lasting not longer than a few minutes. 
This short anaesthesia did not interfere with the 
subsequent testing for analgesia after infusion. 
Diagram C illustrates the method previously described 
by Dey et al. (1975) in which the Collison cannula 
with a shaft 37 mm long was implanted 1 mm lateral 
to the mid line and 13 mm anterior to the interaural 
line at an angle of 33° directed posteriorly so that the 
tip ended just beneath the ventral surface of the brain 
stem. Diagrams D and E illustrate two methods in 
which the hollow needle inserted into the cannula was 
allowed to glide 0.5 to 1 cm along the dura under the 
brain stem so that the tip lay in or a little beyond the 
region of the trapezoid bodies. The Collison cannulae 
with a shaft 28 mm long were implanted in the mid 
line in method D, 20 mm, and in method E, 23 mm, 
anterior to the interaural line at an angle of 40° 
directed posteriorly. In method D the tip of the 


cannula ended within the brain stem and the hollow 
needle usually bent when, on being lowered (during 
short-lasting Althesin anaesthesia) it reached the bone; 
it then glided along the dura. This gliding was facilitated 
in method E by preparing the tip of the cannula so that 
on insertion, the part which would be nearest to the 
bone was deflected slightly upwards and extended 
1 mm beyond the part facing the brain stem. Before the 
Collison cannula was fixed to the skull with acrylic 
cement, the gliding of the inserted hollow needle along 
the dura was tested because in method E, the tip of the 
cannula, or of the needle, sometimes hit the bone just on 
the sella turcica and then the needle did not glide along 
the dura. When this happened the cannula was 
withdrawn and reinserted 1 mm more caudally. 


Infusion into the fossa interpeduncularis 


The method described by Dey et al. (1975) was used. 
The shaft of the Collison cannula was 27 mm long and 
the position of the cannula is shown in diagram F of 
Figure 1. 

At the end of the experiments, 401 of 0.8% 
bromophenol blue solution was infused through the 
Collison cannulae following the same procedure as for 
the morphine infusions. Fifteen minutes later, the cats 
were anaesthetized with intraperitoneal pento- 
barbitone sodium and after another few minutes the 
head was perfused from the aorta with 13% formalin 
solution. The brain was removed and with the naked 
eye the staining was observed of the dura, the walls of 
the ventricles and the surface of the brain stem. On 
infusion into the fourth ventricle there was no staining 
of the aqueduct or third ventricle, but deep staining of 
the anterior half of the floor of the fourth ventricle 
which contrasted sharply with the unstained posterior 
half. The lateral recesses and the dura beneath the 
brain stem were well stained; there was faint staining 
of its ventral surface; the basilar artery and its 
branches had usually taken up the dye and were 
lightly stained. With methods B, D and E, the dura 
beneath the brain stem was deeply stained, the staining 
extending from the sella turcica to the region of the 
medulla and sometimes of the cervical cord. The 
ventral surface of the brain stem and the basilar artery 
with its branches were faintly stained. There was no 
staining along the cannula tract in the brain stem or in 
the floor of the fourth ventricle. With method C the 
staining was either the same as described for methods 
B, D and E or, more usually, the dye had not freely 
entered the subarachnoid space and had deeply 
stained a region of varying size on the ventral surface 
around the tip of the cannula. In addition, the tract of 
the cannula either at its lower end or throughout its 
entire length was deeply stained, and sometimes the 
dye had even passed into the fourth ventricle and 
faintly stained the anterior half of its floor. There was 
no difference in the results obtained with morphine 
whether the tract and the floor of the fourth ventricle 
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had become stained or not. Nevertheless the 
experiments in which the floor of the fourth ventricle 
became stained were not included in Table 1 which 
summarizes the results obtained on infusion of 
morphine into the subarachnoid space caudal to the 
pons. But the table includes two experiments (Nos. 9 
and 12) in which the whole needle tract was found to 
be stained. 


Injection into the cisterna magna 


A Collison cannula was fixed to the back of the skull 
in an aseptic operation under pentobarbitone sodium 
anaesthesia so that the tip of the cannula shaft rested 
just above the atlanto-occipital membrane. For the 
injection, a hollow needle was lowered through the 
shaft piercing the membrane. The method has been 
described in detail elsewhere (Feldberg, Gupta, Milton 
& Wendlandt, 1973) and the position of the cannula is 
shown in the lower diagram of Figure 4. The morphine 
was injected in a volume of 0.1 ml and washed in by 
another 0.1 ml 0.9% w/v NaCl solution (saline). With 
this method of injection no morphine enters the 
cerebral ventricles which remain unstained when 0.8% 
bromophenol blue instead of morphine is similarly 
injected. 


Testing for analgesia 


The testing was carried out with the cat placed in a 
50 x 50 cm and 53 cm high wire cage, the whole front 
of which could be opened. The tail pinch method of 
Russell & Tate (1975) was used in which a small 
diameter rod presses across the root of the tail. The 
method allows the application of graded pressure for a 
short time; the device works hydraulically and the 
hydraulic pressure is measured by a Bourdon gauge in 
kg/cm?. Although this pressure is not identical with 
the force exerted on the tail it is proportional to it and 
can therefore be used, without conversion, for 
measurements of analgesia. In the present experiments 
pressure was maintained for 5s, and with the special 
instrument used no response was produced by a 
pressure which varied in different experiments between 
0.2 and O.8kg/cm? (mean 0.4 kg/cm?). When a 
response was obtained by applying stronger pressure 
it was Classified as either weak, medium or strong. 

A weak response which need not always be one to 
pain, consisted of slight tension in the animal, usually 
in the hindquarters, or of lifting of the hindquarters, or 
of the cat slowly getting up and slowly moving about, 
or of turning the head toward the pincher, staring at it, 
but not trying to bite it, or of holding the pincher with 
a forepaw without attempting to remove it. Sometimes 
the cat got up quickly for a moment at the beginning 
of the pressure, but then relaxed; this, too, was 
classified as a weak response. 

A strong response suggested intense pain. It 
consisted of the cat jumping up, occasionally somer- 


P.K. DEY & W. FELDBERG 


386 





-20 
® 


© 
7 


© 
Qo+~tn og wo 
~- eer -— OG 


0.4 
0 


(,W0/6y )einsseid 





(min) 


Time 


but proportional to that exerted 


Figure 2 Responses In three cats to pressure exerted for 5 s on the root of the tail before and after infusion of 
200 ug of morphine into the fourth ventricle. In thls and Figures 3 and 4, the ordinates give the pressure In 


kg/cm? measured by a Bourdon gauge In the device used which Is not Identical, 


on the tail (see Methods section). 


-æ 


In the course of several experiments a medium and 
a strong response became associated, particularly 


difficult to decide between a medium and a strong, or 
after morphine administration, with tachypnoea, 
mydriasis and the appearance or intensification of 
shivering which outlasted the 5 s period of increased 
pressure exerted on the tail for a minute or two. The 
morphine used was the sulphate and all values given in 
the text refer to the salt. 


struggling, or of a single miaow. Sometimes it was 
between a medium and a weak response. 


A medium response suggested definite pain. It 
consisted of strong arching as the main or sole 


attached tubing, and continued biting after the 
reaction, or of quickly getting up and rapidly moving 


saulting and/or of strong arching and vigorous 
struggling, of strong biting of the pincher or the 
pressure was removed, and sometimes of miaowing or 
hissing and salivation as well, 

about, or of some struggling with or without an 
attempt to remove the pincher, or of mild biting of the 
pincher or attached tubing, but with little or no 


wu 


Results 


Infusion into the fourth ventricle and into the 
subarachnoid space beneath the ventral surface of the 
brain stem 


Fourth ventricle. Infusion of 200 ug of morphine 
into the fourth ventricle produced strong analgesia. 
The effect was not the result of absorption of 
morphine into the blood stream, because an 
intravenous injection of double the dose did not 
produce analgesia. The analgesia produced on 
infusion into the fourth ventricle began to develop 
within 5 to 10 min and became maximal within 15 to 
40 min after the infusion, but varied in intensity and 
duration from experiment to experiment. This is 
illustrated by the three experiments of Figure 2. 

The top record (Figure 2a) is from an experiment in 
which the analgesic effect was maximal after about 
30 min, when the pressure exerted on the root of the 
tail could be increased to as much as 1.4 kg/cm? 
without producing more than a weak reaction. Before 
the infusion this happened when the pressure was not 
greater than 0.4 kg/cm?. The middle record (b) is from 
an experiment in which some remnant of the analgesic 
effect was present 4h after the infusion, and the 
bottom record (c) illustrates an experiment in which 
the analgesia produced was particularly strong so that 
a pressure of 2.2kg could be applied without 
producing more than a weak response. This 
experiment illustrates another feature often 
encountered during morphine analgesia; a weak 
response was elicited whether the pressure applied was 
only 0.8 kg/cm? or as much as 2.2 kg/cm?. Before a 
morphine infusion the difference in pressure required 
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to change a weak to a medium or a medium to a 
strong response was relatively small, such a steep 
gradient often no longer pertained during the morphine 
analgesia. 

Another feature of the morphine analgesia not 
evident from the scoring used was the delay of the 
reaction. Before the morphine infusion, a medium or 
strong reaction as well as a weak reaction occurred 
usually immediately the pressure was raised, whereas 
during the morphine analgesia the cat often did not 
react immediately, but only during the last second or 
two of the 5s period of increased pressure, or at the 
very end of this period, or even a second or two later. 

In two experiments in which 100 yg of morphine 
were infused the pressure which would produce not 
more than a mild response was, before the infusion, 
0.2 kg/cm? in the one and 0.6 kg/cm? in the other 
experiment; in both it increased after the infusion to 
1 kg/cm?. And in three experiments in which 50 ug 
were infused this pressure increased from 0.4 kg/cm? 
in all three experiments before, to 0.6, 0.8 and 
1.2 kg/cm? respectively after the infusion. Smaller 
doses than 50 ug were not tested, but the infusion of 
saline (40 ul) had no analgesic effect. 


Subarachnoid space beneath the brain stem. Infu- 
sion of 200 ug of morphine into the subarachnoid 
space caudal to the pons produced strong analgesia, 
and the results obtained with any of the four methods 
which are illustrated in the diagrams B, C, D and E, 
of Figure 1 were essentially the same. Table 1 
summarizes the results of 13 experiments, and for four 
of them (Nos 1, 7, 9 and 11) the development and dis- 
appearance of the analgesia is illustrated in Figure 3. 

The analgesia produced on the infusion of morphine 





Table 1 Analgesia produced In 13 cats on Infusion of 200 ug morphine into subarachnoid space caudal of 
pons 
Threshold pressure {kg/cr*) on tail Time (min) after morphine 
which produces no, or weak response infusion 
Beginning of Maximal Method used 
Cat.no. Before morphine After morphine analgesia analgesia (see Figure 1) 
1 0.3 0.8 1 7 D 
2 0.3 1.0 1 17 
3 0.3 1.0 8 33 D 
4 0.4 1.0 1 6 E 
5 0.2 1.2 6 16 C 
8 0.4 1.2 3 9 B 
7 0.4 1.4 8 30 C 
8 0.6 1.4 3 10 C 
9 0.3 1.6 5 28 C 
10 0.4 1.6 2 19 E 
11 0.6 2.0 3 12 E 
12 0.8 2.2 6 25 G 
13 0.8 2.6 5 16 D 
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Figure 3 Responses in four cats to pressure exerted for 5 s on the root of the tall before and after infusion of 
200 ug of morphine Into the subarachnoid space beneath the ventral surface of the brain stem using the 
methods D and B (top records, a and b}, C (middle record, c), and E (bottom record, d} of Figure 1. 


caudal to the pons often began earlier and developed 
more rapidly than on its infusion into the fourth 
ventricle. On infusion of 200pg into the fourth 
ventricle no definite signs of analgesia were obtained 
when the tail pinch test was made earlier than 5 min 
after the infusion, but this happened in 7 out of the 13 
experiments of Table 1, and in three of them signs of 
analgesia were already present 1 min after the 


infusion. Further, on infusion into the fourth ventricle, 
it took 20 to 40 min for the analgesia to develop fully 
whereas in 6 of the 13 experiments of Table I it took 
less than 15, and in three, even less than 10 minutes. 

In experiment Nos 5 and 12 of Table 1 in which 
method C was used, the infusion of bromophenol blue 
at the end of the experiment resulted in deep staining 
of the needle tract within the brain stem. The infused 


— 


morphine probably followed the same distribution. 
Nevertheless, an action on structures along the needle 
tract can be excluded even as a contributory factor in 
the morphine analgesia, because in two experiments 
(not included in the Table) in which method C was 
used the tip of the infusion needle had not pierced the 
ventral surface, but had stopped about 1 mm short of it, 
no analgesia developed after the morphine infusion. 
On subsequent bromophenol infusion, it was found 
that the dye had not entered the subarachnoid space 
but had deeply stained the whole needle tract in the 
brain stem and at its lower end around the tip of the 
cannula a cavity had formed which was deeply stained 
as well. 

Figure 3 illustrates four experiments of Table 1 in 
which the infusion of 200 ug of morphine into the 
subarachnoid space caudal to the pons produced 
analgesia of different degree and duration. For each 
experiment a different method of infusion (either B, C, 
D or E of Figure 1) was used. In the experiment of 
Figure 3a, analgesia had disappeared within 50 min; in 
that of Figure 3b it was maximal within 9 min, and 
had not fully disappeared within 70 min; in the 
experiments c and d analgesia persisted even longer, 
for over 2h in c and for over 3.5h in d. These two 
experiments illustrate another feature encountered in 
that analgesia after having diminished, sometimes 
increased again. 

In one experiment in which method E was used, the 
needle had pierced the dura and glided subdurally in 
the region of the trapezoid bodies. No analgesia 
developed on infusion of 200 and 400 ug morphine. In 
two experiments, one of which is illustrated in Figure 
4a, the infusion of 200 ug of morphine was into the 
fossa interpeduncularis (method F of Figure 1). No 
analgesia developed. 


Other effects. During or shortly after the infusions of 
200 pg of morphine into the fourth ventricle or into 
the subarachnoid space caudal to the pons, the vessels 
of the pinna dilated and the ears became red and hot. 
This skin vasodilatation persisted for up to 3 hours. 
Another long lasting effect was midriasis. On infusion 
into the fourth ventricle it occurred within a few 
minutes, on infusion caudal to the pons 15 to 60 min 
after the infusion. Other effects not regularly observed 
were salivation, retching, vomiting, shivering and in 
one experiment on infusion caudal to the pons, 
tachypnoea and panting. 

The behavioural changes brought about by the 
infusions into the fourth ventricle and caudal to the 
pons consisted of an initial period of quietness with or 
without signs of stupor and catalepsy followed by a 
characteristic state of hyperexcitability. In addition, 
the cats became affectionate and playful. 

Either during or shortly after the infusions, the cats 
became quiet. A previously lively cat no longer moved 
about, but assumed a low sitting position. Some of the 
cats became stuporous. Slight cataleptic features were 
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observed in one cat on infusion into the fourth 
ventricle and pronounced catalepsy lasting for over 
2 h developed in two cats (Nos 11 and 13 of Table 1) 
on infusion caudal to the pons. The two cats could be 
put in abnormal positions which they retained without 
struggling for 20 to 30 s, for instance, when they were 
placed in an erect posture with the forepaws on the 
rung of an inverted stool. Nevertheless when the 
forepaws dropped from the rung the cats moved away 
in a well co-ordinated manner showing no signs of 
ataxia. 

Before the state of hyperexcitability developed the 
cats were sitting upright with a startled look: the eyes 
wide open, pupils dilated, no blinking and the ears held 
sharply erect. This condition in which the cats were 
staring vacantly, lasted between a few minutes and 
over half an hour, and the the cats began to make, 
every few seconds, abrupt side-to-side movements of 
the head, and less frequently, rapid, short-lasting 
circling movements which apparently occurred 
spontaneously. But they could be triggered off by 
sudden noises and were provoked each time the cats 
were touched. Yet the cats were not frightened. In 
between the circling movements they resumed the 
upright sitting position with a wide-eyed vacant stare. 
The abrupt side-to-side movements of the head and 
the short-lasting rapid circling movements continued 
usually for over 2 hours. On infusion into the fourth 
ventricle the condition of hyperexcitability developed 
only rarely, but the preceding state in which the cats 
sat upright with a wide-eyed vacant stare was always 
present. Between the state of quietness and hyper- 
excitability, or when the hyperexcitability was wearing 
off, or in both conditions, the cats were affectionate 
and playful. 


Injections into the cisterna magna 


Morphine produced analgesia on injection into the 
cisterna magna but the doses required were larger than 
on infusion into the fourth ventricle or on infusion into 
the subarachnoid space caudal to the pons. However, 
the injections were made in a larger volume, in 0.1 ml 
washed in by another 0.1 ml as compared to 40 yl the 
volume used for the infusions of morphine. 

With 400 ug of morphine injected into the cisterna 
there was just an indication of analgesia, but with 
800 pg a strong and long-lasting analgesia ensued, as 
illustrated by the experiment shown in Figure 4b. In 
this experiment the tail pinch test could not be applied 
during the first 10 min after the injection because of 
frequent bouts of scratching movements which 
morphine is known: to produce on injection into the 
cisterna and into the cerebral ventricles. The 
scratching movements are attributed to an action on 
structures near the dorso-lateral surface of the upper 
cervical cord (Mehes, 1939, Königstein, 1939; 
Banerjee, Feldberg & Lotti, 1968). After the first 
10 min the bouts of scratching movements occurred 
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Figure 4 Responses in two cats to pressure exerted for 5s on the root of the tail. (a) Before and after 
infusion of 200 ug of morphine into the fossa Interpeduncularis using method F of Figure 1. (b) Before and after 
injection of 800 ug of morphine into the cisterna magna. 


less frequently allowing tests to be made in between, 
and after another 10 to 20 min they occurred at long 
intervals and in between the cats became quiet so that 
there was scarcely any interference with the tests. At 
this stage the pupils were dilated and the ears were hot 
and red. During the initial stage of frequent bouts of 
scratching movements there was tachypnoea and 
sometimes there were short periods of panting. In one 
experiment in which bouts of scratching movements 
were less violent and occurred less frequently during 
the first 10 min after the injection, the tail pinch test 
was applied every minute from the third minute after 
the injection; the first signs of analgesia occurred in 
the eleventh minute. 

From results obtained on injection of bromophenol 
blue into the cisterna magna it is evident that even 
during the violent bouts of scratching substances 
injected into the cisterna do not enter the cerebral 
ventricles. Bromophenol blue injected into the cisterna 
magna also produces violent bouts of scratching 
movements (Feldberg & Fleischhauer, 1960). At the 
end of the experiment shown in Figure 4b, 0.2 ml of a 
0.8% bromophenol blue was injected into the cisterna. 
After a few minutes the bouts of scratching 
movements became so violent that the cat was 
anaesthetized, 10 min after the injection, with in- 


traperitoneal pentobarbitone sodium. The scratching 
movements continued and the cat was killed after 
another 10 minutes. Post mortem, no dye was found 
in the cerebral ventricles; there was no staining of the 
floor of the fourth ventricle, of the walls of the 
aqueduct, third and lateral ventricles. But the dorsal 
and ventral surface of the brain stem and cervical cord 
were deeply stained, and the dye had spread along the 
cerebellum and cerebral cortices and part of their 
surfaces were well stained. A similar staining had 
previously been observed with smaller amounts of 
bromophenol blue injected into the cisterna magna of 
anaesthetized rabbits (Banerjee, Burks, Feldberg & 
Goodrich, 1968). 


Discussion 


The present experiments on cats show that morphine 
produces analgesia when introduced into the liquor 
space in doses too small to be effective on intravenous 
injection. The effect could therefore not have been 
produced after absorption into the blood stream. 
Instead, the morphine must have acted on structures 
reached from the liquor space. 

The analgesia occurred not only on infusion of 


1 


avr 


morphine into the fourth ventricle, but also on its 
infusion or injection into the subarachnoid space, 
either into the space beneath the brain stem caudal to 
the pons, or into the cisterna magna. In both 
circumstances, the structures acted upon must have 
been reached from the subarachnoid space since the 
morphine would not have entered the cerebral 
ventricles. The fact that somewhat larger doses were 
required to produce analgesia on injection into the 
cisterna than on infusion beneath the brain stem, 
suggests an action on structures near its ventral 
surface because on the way to this surface morphine 
injected into the cisterna becomes more diluted with 
c.s.f. than when infused directly beneath it. This 
surface would also readily be reached, without much 
dilution, by morphine infused into the fourth ventricle, 
because of the communication through the lateral 
recesses with the subarachnoid space. 

The ventral surface of the brain stem would 
therefore appear to be the site at which morphine acts 
in all three circumstances when producing analgesia. 
It is possible that morphine infused into the fourth 
ventricle acts on an additional site in the floor of this 
ventricle although no evidence to support the existence 
of such a site was obtained by comparing the times it 
took for the first signs of analgesia to appear and for 
full analgesia to develop. These times were often 
shorter on infusion into the space beneath the ventral 
surface than on infusion into the fourth ventricle. 

The situation is different when morphine is injected 
into a lateral or into the third ventricle when it may act 
not only on the ventral surface of the brain stem but 
also on the grey matter of the wall of the third 
ventricle and on the periaqueductal grey since micro- 
injections of morphine into these regions were found 
to produce analgesia (Tsou & Tang, 1962; Jacquet & 
Lajtha, 1973; Pert & Yaksh, 1974). In fact, it was 
recently found that on infusion of morphine into the 
third ventricle, the analgesia produced was more 
pronounced than on infusion into the fourth ventricle 
or into the subarachnoid space caudal to the pons 
(Dashwood & Feldberg, unpublished experiments). 
With the methods used in the present experiments, 
however, the third ventricle and aqueduct are not 
reached by the morphine. 

What then are the structures on or near the ventral 
surface of the brain stem on which morphine may act 
when producing analgesia? One mechanism by which 
morphine is thought to produce analgesia is by 
activating a descending inhibitory pathway which 
Originates in the raphe nuclei, is tryptaminergic, 
projects to the spinal cord and there exerts an 
inhibitory action on the small-diameter afferent fibres 
conveying pain impulses. There is abundant evidence 

for this mechanism of action. Morphine analgesia is 
reduced or abolished by substances which selectively 
deplete tryptaminergic neurones of their 5-hydroxy- 
tryptamine (5-HT), like p-chlorophenylalanine (Tenen, 
1968; Fenessy & Lee, 1970; Samanin, Gomulka & 
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Valzelli, 1970; Görlitz & Frey, 1972; Vogt, 1974) and 
5,6-dihydroxytryptamine (Genovese, Zonta & 
Mantegazza, 1973; Diaz, Ellison & Masuoka, 1974; 
Vogt, 1974). Furthermore, electrical stimulation of the 
raphe nuclei and of many points of the periaqueductal 
grey in their vicinity elicit analgesia which is blocked 
by 5-HT depletion produced by p-chloro- 
phenylalanine (Reynolds, 1969; Akil & Mayer, 1972; 
Mayer & Liebeskind, 1974; Mayer, Wolfle, Akil, 
Carder & Liebeskind, 1974; Akil & Liebeskind, 1975; 
Proudfit & Anderson, 1975), whereas lesions of the 
raphe nuclei which lead to 5-HT depletion block 
morphine analgesia (Redjemi, Oliveras, Guilbaud & 
Besson, 1974; Proudfit & Anderson, 1975). 

It is doubtful that substances injected into the 
cerebral ventricles reach the raphe nuclei. Otherwise a 
substance which depletes the 5-HT stores of the brain 
should also exert this effect on the 5-HT of the raphe 
nuclei when injected intraventricularly. Yet, 5,6- 
dihydroxytryptamine given into a lateral ventricle 
while reducing the 5-HT of the spinal cord by nearly 
90% had scarcely any effect on the mid brain 5-HT 
(Baumgarten, Evetts, Holman, Iversen, Vogt & 
Wilson, 1972; Vogt, 1974). This was in contrast to the 
effect of p-chlorophenylalanine given systematically. It 
depleted not only the 5-HT of the spinal cord, but also 
that of the midbrain (Vogt, 1974). A convincing 
explanation of this difference in the effect of the 
tryptamine derivative would be that it does not reach 
the raphe nuclei on intraventricular injection, but 
reached its descending tryptaminergic fibres on their 
way to the spinal cord. The site reached and acted 
upon by the 5,6dihydroxytryptamine would then 
appear to be at the ventral surface of the brain stem 
lateral to the pyramids, because these descending 
tryptaminergic fibres run to the ventral surface of the 
medulla and form a narrow distinct band lateral to 
each pyramid. This was shown by Nobin, 
Baumgarten, Bjokland, Lachenmayer & Stenevi 
(1973). An additional observation favouring this view 
was made by Vogt (1974). In her rats a permanent 
brownish discolouration indicating the spread of 5,6- 
dihydroxytryptamine was found following its injection 
into a lateral ventricle ‘on the surface of the third 
ventricle, the aqueduct and the anterior part of the 
fourth ventricle’ but not on its posterior part which is 
evidence that it had passed through the lateral recesses 
into the subarachnoid space. From these various 
findings it would appear that 5,6-dihydroxy- 
tryptamine has the ability to deplete 5-HT stores when 
acting on fibres of tryptaminergic neurones. 

Morphine, too, would not reach the raphe nuclei 
when infused into the fourth ventricle, or into the 
subarachnoid space beneath the brain stem, or 
injected into the cisterna magna. But in ail three 
circumstances, it would reach the ventral surface of 
the brain stem. Therefore if the morphine analgesia 
obtained in the present experiments is due to 
activation of the tryptaminergic descending inhibitory 
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pathway, the possibility has to be considered that it, 
too, acts not on synapses or cells, but on nerve fibres 
belonging to tryptaminergic neurones. This possibility 
would be compatible with all observations made in 
favour of the theory that morphine analgesia involves 
activation of a descending inhibitory tryptaminergic 
pathway arising from the raphe nuclei, 

If activation of a descending inhibitory 
tryptaminergic pathway is also responsible for the 
analgesia produced by morphine applied systemically, 
and all the evidence with p-chlorophenylalanine and 
with lesions of the nucleus raphe magnus for the role 
of such a descending inhibitory pathway in morphine 
analgesia was obtained with the morphine applied 
systemically, then its action under this condition may 
be on the raphe nuclei themselves. The finding that 
5,6-dihydroxytryptamine merely reduced the analgesia 
of morphine given subcutaneously but did not abolish 
it is readily explained on the assumption that not all 

-descending fibres from this raphe nucleus were 
reached and affected by the 5,6-dihydroxytryptamine 
injected intraventricularly with the result that the 
spinal cord 5-HT was greatly reduced but not fully 
depleted as after systemic application of p- 
chlorophenylalanine. As pointed out by Vogt (1974), 
activation of the remaining intact tryptaminergic fibres 
may have been sufficient to produce analgesia. 

But even on systemic application, the analgesic 
effect of morphine may in part, at least, be due to an 
action not on the raphe nuclei themselves, but on their 
descending tryptaminergic fibres. For instance, in the 
experiments of Satoh & Takagi (1971) described in the 
introduction, intravenous morphine (4 mg/kg) acted 
caudal to the trapezoid bodies within a 4 mm long 
block of brain stem tissue which at most included but 
the very distal remnants of raphe nuclei. An action on 
them may be sufficient to account for the inhibitory 
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ACTIONS OF CARBON TETRACHLORIDE, 
HEXACHLOROETHANE AND THE PRODUCTS OF 
THEIR METABOLISM IN SHEEP ON Fasciola hepatica 


A.L. BARTLET 


Department of Veterinary Pharmacology, Edinburgh, EH9 10H 


1 An in vitro preparation of Fasciola hepatica is described which responded to electrical stimulation 
with tetanic spasms. Both carbon tetrachloride (20—500 nl/ml), and its metabolite chloroform 
(50—1000 nl/ml), produced contractions in the preparation which extinguished the responses to 
electrical stimulation. It is suggested that the spasmogenic action of carbon tetrachloride and its 
metabolite may contribute to the fasciolifugal action of the drug. 

2 Hexachloroethane, another fasciolifuge, had very little effect in the preparation. However, penta- 
chloroethane and tetrachloroethylene, the main products of the metabolism of hexachloroethane in 
sheep, were potent spasmogens in preparations of Fasciola hepatica. Pentachloroethane was about 


twice as potent as carbon tetrachloride. 


3 Tetrodotoxin (2 pg/ml) did not antagonize the responses of the preparation to electrical stimulation 


or carbon tetrachloride. 


Introduction 


It has been shown that carbon tetrachloride is without 
effect on the survival time of Fasciola hepatica tn vitro 
(Stephenson, 1947; Thorpe, 1967). The mode of the 
fasciolifugal action of carbon tetrachloride is unknown, 
and may be an indirect effect mediated by metabolic 
products of the drug or materials produced by the liver 
` when it is affected by the drug (Alexander & 
MacDonald, 1960; Kondos & McClymont, 1965; 
Khalidi & Zaki, 1969). In sheep considerable amounts 
of carbon tetrachloride are metabolized to chloroform, 
and the main products in the metabolism of hexa- 
chloroethane, another fasciolifuge, are pentachloro- 
ethane and tetrachloroethylene (Fowler, 1969; 1970). 

According to Chance & Mansour (1949) both 
carbon tetrachloride and hexachloroethane contract 
an in vitro preparation of Fasciola hepatica. This 
observation is of interest as spasm of the mature liver 
flukes might cause them to leave their location in the 
bile ducts. This would be in accord with the effect of 
therapeutic doses of carbon tetrachloride and hexa- 
chloroethane which eliminate the liver flukes in bile 
ducts and not those sequestered in liver parenchyma 
(Boray & Happich, 1968). In the present experiments 
the effects of carbon tetrachloride and hexachloro- 
ethane on Fasciola hepatica have been re-examined 
and compared with those of chloroform, pentachloro- 
ethane and tetrachloroethylene. 


Methods 
Preparations of Fasciola hepatica 


Fasciola hepatica was obtained from the bile ducts of 
infested liver from cattle or sheep before the organ had 
cooled to room temperature. Each liver fluke was 
washed and subsequently placed in a conical flask 
(25 ml) containing Ringer solution at 32°C. Viable 
liver flukes were motile for at least 24h, and 
preparations were made from them within 2h of 
collection. 

Fine thread was passed through the body wall 
posterior to the ventral sucker and close to the caudal 
end of the animal. The liver fluke was attached, oral 
sucker downwards, to the electrode assembly (Figure 
1), which was placed in an organ bath (5 ml) filled with 
Ringer solution maintained at 37°C and gassed with 
5% CO, in O,. The preparation relaxed and started 
rhythmic activity within 10 min, the activity being 
recorded on smoked paper with an isotonic lever, load 
500 mg, which magnified responses twenty times. In 
most experiments the preparation was subsequently 
impaled with the platinum electrode between the oral 
and ventral suckers. These preparations were 
quiescent. In some experiments the preparations were 
stimulated with square wave pulses (5 ms, 30 Hz, 
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Figure 1 Electrode assembly for stimulation of 


Fasciola hepatica. 


25 V) delivered from a Bell (1968) stimulator for 20 s, 
the interval between trains of stimuli being 16 minutes. 
Drugs were washed from the organ bath by overflow. 


Chemicals 


A Ringer solution of the composition described by 
Beretta & Locatelli (1968) was made with Analar 
salts and de-ionized water (composition (mM): NaCl 
154.00, KCl 5.36, CaCl, 0.54, NaHCO, 5.95 and 
glucose 2.78). Hexachloroethane (Technical, BDH) 
was recrystallized from ethanol to constant melting 
point, 186°C uncorrected (sealed tube). Tetrachloro- 
ethylene and pentachloroethane (Technical, BDH) 
were purified by distillation, collecting the fractions at 
119°C and 156°C (uncorrected), respectively. Other 
drugs were carbon tetrachloride (Analar, BDH), 
chloroform (Analar, BDH) and tetrodotoxin (Sigma). 
n-Heptane (Laboratory Reagent grade, BDH) was 
washed with 0.1 M NaOH, 0.1 M HCI ang three times 
with distilled water. 

The halogenated hydrocarbons were dissolved in 
olive oil B.P. (Evans Medical Ltd) and the solutions 


emulsified by trituration with acacia powder (BDH) 
and de-ionized water in a pestle and mortar. The 
primary emulsion contained oil, water and gum in the 
proportions 3:2:1, and was diluted with Ringer 
solution before testing on preparations of Fasciola 
hepatica. The droplet size (mean+s.e. mean) in six 
emulsions as measured by microscope stage 
micrometer was 15.5+0.7 um. 

Chloroform and carbon tetrachloride were 
estimated in the emulsions by gas/liquid 
chromatography as a significant amount of 
chloroform was lost in emulsification. Emulsion (1 ml) 
and heptane (4 ml) were shaken by hand in a glass 
stoppered centrifuge tube for 90s, and the layers 
separated by centrifugation at 900 g for 10 min in an 
MSE Mistral 2L centrifuge at —10°C. The heptane 
extract was poured off the frozen residue into another 
tube and the residue re-extracted with heptane (4 ml). 


Gas/liquid chromatography 


The chromatographic column was prepared according 
to a modification of the method described by Street 
(1969), who kindly supplied the packing materials. A 
6 ft length of stainless steel tubing (i.d. 2.2 mm) was 
coiled into a helix and conditioned by heating in a 
Gallenkamp muffle furnace at 600°C for 16 hours. 
After cooling, chloroform (50 ml) and air were pulled 
through the tubing. A sintered steel plug was pressed 
into the column exit and the column packed with a 
preparation of Chromosorb G coated with silicone 
gum rubber (SE 52), tapping the tubing whilst sucking 
in the preparation at a water pump. The column was 
heated at 420°C for 3h to make the inner metal 
surface unreactive. It was then emptied and repacked 
with a preparation of silanised Chromosorb G coated 
with PEG (Carbowax 400). A sintered Teflon plug 
was pressed into the column entrance and swagelock 
ferrules and compression nuts fitted on the steel tubing 
for attachment to a Perkin-Elmer Model F11 
chromatograph. 

The column temperature was adjusted to 85°C, the 
injector and detector temperatures being about 50° 
higher. The flow of carrier gas (N,) was 45 ml/minute. 
Heptane extracts and solutions (1 to Syl) were 
injected with a micro-syringe fitted with a 3-inch 
needle and the signal from the electron capture 
detector recorded on a Servoscribe recorder (5 mV full 
scale deflection). The electron capture detector was 
sensitive to pl of choroform and carbon tetrachloride 
and a linear dose-response relationship was obtained 
with response expressed as peak height times width at 
half-height. 


Results 


Preparations of Fasciola hepatica which were not 
impaled with an electrode exhibited irregular rhythmic 
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Figure 2 Fasciola hepatica preparation. At the arrow carbon tetrachloride was added to the organ bath to 
produce a concentratlon of 100 nmi bathing solution. Although the preparation was not washed with fresh 
Ringer solution it resumed spontaneous rhythmic movements when the response to the drug subsided. 
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Figure 3 Two preparations of Fasciola hepatica impaled with electrodes. In (a) the dots mark stimulation (5 ms, 
30 Hz, 25 V) for 20s and in (b) exposure to carbon tetrachloride (100 nl/ml) for 3 minutes. In both experiments 
tetrodotoxin (2 ug/ml) was present in the bathing solution from the arrow to the end of the trace. Tatrodotoxin 


did not affect the responses to electrical stimulation or carbon tetrachloride. 
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Figure 4 Fasciola hepatica preparation. The dots mark stimulation (5 ms, 30 Hz, 25 V} of the preparation for 
20 s and the arrows the addition of chloroform (200 nl/ml) to the bathing solution for 4 minutes. Chloroform 
produced large contractions which extinguished responses to electrical stimulation. 


movements for several hours (Figure 2). On exposure 
to carbon tetrachloride (100 nl/ml) a slow contraction 
started after a delay of 1 to 2min reaching a 
maximum in about 4 minutes. The response to the 
drug subsided and the rhythmic movements in the 
preparation resumed without washing the drug out of 
the organ bath. However, responses to drugs were 
irregular in preparations exhibiting spontaneous 
activity the height of the responses sometimes being 
ill-defined due to the spontaneous movements in the 
preparation, 

In four experiments preparations were exposed to 
carbon tetrachloride (1000 nl/ml) for 30min, the 
bubbling with 5% CO, in O, being stopped whilst the 
drug was present in the organ bath. This treatment 
produced a contracture. After removal of the drug 
from the bathing solution the preparations contracted 


normally to carbon tetrachloride (30 nl/ml) or 
electrical stimulation although spontaneous rhythmic 
activity did not recover. The treatment did not 
produce irreversible paralysis in the preparation as 
described by Chance & Mansour (1949). 

The spontaneous rhythmic movements usually 
ceased when a preparation was impaled with an 
electrode, and this preparation responded regularly to 
electrical stimulation and carbon tetrachloride (Figure 
3). Responses to single pulses were not obtained and 
trains of pulses (30 Hz, 25 V) were effective only when 
the pulse width was 1 ms or more. In the present 
experiments 20s stimulations (5 ms, 30 Hz, 25 V) 
were delivered to the preparation which responded 
with slow contractions that continued to develop for 
several seconds after stimulation had stopped. 
Contractions to carbon tetrachloride at concentrations 
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Figure 5 Fasciola hepatica preparation. The dots mark stimulation (5 ms, 30 Hz, 25 V) of the preparation for 
20 seconds. At the first and third arrows pentachloroethane (C,HCl,, 20 nl/ml) and hexachloroethane (C,Cl,, 
1000 ug/ml) were added to the bathing solution, respectively, and at the second and fourth drugs were washed 
out of the organ bath. Pentachloroethane produced a large contraction which partly extinguished the response 
to electrical stimulation; hexachloroethane had little effect on the preparation. 


of 20 to 500 nl/ml started within 10 s of exposure to 
the drug, and were reproducible when the preparation 
was exposed to the drug for 3 min at intervals of 20 
minutes. Addition of tetrodotoxin, 2 ug/ml, to the 
bathing solution did not affect the responses to 
electrical stimulation or carbon tetrachloride (Figure 
3). 

Chloroform produced a contraction in preparations 
of Fasciola hepatica which started within 5s of 
exposure to the drug (Figure 4), the response to 
chloroform being brisker than that to carbon tetra- 
chloride. Both carbon tetrachloride and chloroform 
produced large contractions in the preparations which 
extinguished responses to electrical stimulation 
(Figure 4). 

Six emulsions of chloroform and carbon tetra- 
chloride were assayed by gas/liquid chromatography 
and tested on preparations of Fasciola hepatica. In 
these experiments the preparations were exposed to 
drugs for 3 min at intervals of 20 min and were not 
stimulated electrically. Emulsification produced a 
significant loss of chloroform (P<0.0001) but not 
carbon tetrachloride (P>0.3), the emulsions 
containing 70 + 2% (mean + s.e. mean) (6 expts) of the 
chloroform employed and 92+ 8% (6) of the carbon 
tetrachloride. The spasmogenic activity of 1 yl carbon 
tetrachloride was found to be equivalent to that of 
2.5+0.6 ul chloroform (6 expts). 

According to Chance & Mansour (1949) hexa- 
chloroethane, 100 ng/ml, stimulated preparations of 
Fasciola hepatica, and at higher concentration, 
1000 pg/ml, produced paralysis. However, in the 
present experiments hexachloroethane (20 to 
1000 g/ml) had little effect in preparations 


responding to electrical stimulation, the effect of the 
drug (1000 pg/ml) shown in Figure 5 being typical of 
that in four preparations. Both pentachloroethane and 
tetrachloroethylene contracted preparations of 
Fasciola hepatica, the effect of pentachloroethane 
(20 nl/ml) being shown in Figure 5. The time course of 
the response to pentachloroethane was almost identical 
to that to carbon tetrachloride; that to tetrachloro- 
ethylene was somewhat slower. The spasmogenic 
activity of 1 ul carbon tetrachloride was matched by 
that of 0.56+0.09 pl pentachloroethane and 
3.46+ 1.14 ul tetrachloroethylene (6 expts in each 
instance). 


Discussion 


In the liver fluke preparation, tetrodotoxin did not 
block the contractions produced by electrical 
stimulation and carbon tetrachloride. Thus the 
component in the preparation which responded to 
these stimuli was qualitatively’ different from 
vertebrate nerve and striped muscle which are highly 
sensitive to tetrodotoxin. Spike generation in the 
musculature of the body wall of Fasciola hepatica 
may resemble that in plain muscle which is also 
insensitive to tetrodotoxin (Kuriyama, Osa & Toida, 
1966). It is equally possible however, that the affinity 
of tetrodotoxin for Na channels in the membranes of 
nerve and muscle may be considerably less in Fasciola 
hepatica than in vertebrates. 

The present experiments confirm that carbon tetra- 
chloride contracts an in vitro preparation of Fasciola 
hepatica, the threshold concentration of the drug in 
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an organ bath being 20—40 nl/ml. Furthermore 
chloroform contracted the preparation, being about a 
third as potent as carbon tetrachloride in this respect. 
Thus in infested ruminants the direct effect of carbon 
tetrachloride on Fasciola hepatica would summate 
with that of chloroform, its major metabolite. 

In sheep carbon tetrachloride is rapidly absorbed 
from the rumen, the concentration in venous blood 
rising to 15—20 ug/ml following administration of 
8 mi of the drug (Kondos & McClymont, 1961). The 
concentration of carbon tetrachloride in portal blood 
does not seem to have been estimated, but it is likely to 
be higher than that in the jugular vein. Kondos & 
McClymont (1965) found peak concentrations of 36 
and 65 ug carbon tetrachloride per ml of sheep bile 
following oral administration of 2 and 4 ml of the 
drug, respectively, and Fowler (1970) detected 
4—5 ug/ml after giving 3 ml of the drug. 

Mature liver flukes ingest blood and produce 
extensive haemorrhages in the biliary tract (Sewell, 
Hammond & Dinning, 1968). Thus it seems probable 
that Fasciola hepatica is exposed to carbon tetra- 
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THE EFFECT OF NANDROLONE, 
AN ANABOLIC STEROID ON 


PUTRESCINE METABOLISM IN THE MOUSE 
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1 The catabolism of injected '“C-putrescine was studied in mice treated with nandrolone 


phenpropionate, an anabolic steroid. 


2 The putrescine was rapidly metabolized; almost 50% of the injected radioactivity was recovered 


within 2h as CO, in the expired air. 


3 Considerable amounts of radioactive p-aminobutyric acid (GABA) and an unidentified compound 
were found in the kidney and in the urine in addition to radioactive putrescine, spermidine and 
spermine both in controls and nandrolone-treated mice. 

4 Nandrolone elevated the concentration of endogenous putrescine in the kidney and urine, eightfold 
and twentyfold, respectively, and the concentrations of spermidine and spermine were also increased. 
§ After the injection of C-putrescine the incorporation of 14C into spermidine was significantly 
increased in the kidney of mice receiving nandrolone. 


Introduction 


Evidence is accumulating to show that putrescine and 
its metabolites spermidine and spermine are 
ubiquitously present in animal tissues. It is known that 
putrescine can be metabolized to spermidine and 
spermine and it has been proposed that putrescine 
formation is the rate-limiting step in the synthesis of 
these polyamines (Janne & Raina, 1968; Williams- 
Ashman, Pegg & Lockwood, 1969). Relatively little is 
known about the oxidation of putrescine in animal 
tissues (Raina & Janne, 1975). Seiler and his coworkers 
were the first to show that [*C]-putrescine could be 
incorporated into y-aminobutyric acid (GABA) in 
mammalian tissues (Seiler, Wiechmann, Fischer & 
Werner, 1971; Seiler & Al-Therib, 1974). GABA was 
first shown to be a constituent of non-neural tissue in 
the late sixties (Zachmann, Tocci & Nyhan, 1966; 
Whelan, Schriver & Mohyuddin, 1969). However, the 
kidney is the only non-neuronal organ in which its con- 
centration is considerable (Lancaster, Mohyuddin, 
Schriver & Whelan, 1973). GABA is alleged to 
stimulate protein synthesis (Baxter, 1970). This is of 
particular interest since it has been suggested that 
polyamines might be implicated in growth processes 
and in RNA metabolism (see e.g. Cohen, 1971; Russell, 
1973; Raina & Janne, 1975). Thus GABA formed from 
putrescine may have a similar regulatory function in 
growth processes. 

A distinct sex difference in putrescine formation has 
been disclosed (Henningsson & Rosengren, 1975). 
Putrescine formation by mouse kidney was low in 


both sexes up to 3 weeks of age. Thereafter the amine 
formation in the male increased conspicuously, 
whereas that of the female kidney remained low. 
Testosterone administration resulted in an elevated 
biosynthesis of putrescine in the mouse kidney and 
caused a striking increase in the urinary excretion of 
free putrescine (Grahn, Henningsson, Kahlson & 
Rosengren, 1973). Nandrolone, an anabolic steroid 
with low androgenic activity produced a hundredfold 
elevation of putrescine formation (to be published). 

This significantly increased formation of putrescine 
in the mouse treated with nandrolone led us to 
investigate the metabolic fate of ['*C]-putrescine in 
mice. Special attention was paid to the kidney as its 
growth is stimulated by this anabolic steroid. The 
present paper also describes changes in the con- 
centrations of endogenous putrescine and polyamines 
in the kidney and urine after administration of 
nandrolone. 


Methods 


Castrated adult mice (30 g, Naval Medical Research 
Institute strain) were used, They were fed a standard 
pellet diet and water ad libitum except when urine was 
collected in which case the mice were given 4 g daily 
of a partly synthetic diet, the composition of which 
was given in an earlier paper (Kahlson, Rosengren & 
Westling, 1958). The putrescine content of this diet 
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was 2 nmol/g. The mice were kept individually in 
metabolic cages, which provided facilities for 
collecting urine and faeces separately. The beaker in 
which urine was collected contained 10 drops of 5 M 
HCI. 

Nandrolone phenpropionate (the phenyl- 
propionate ester of 19-nortestosterone; Durabolin, 
Organon) was suspended in arachis oil; controls were 
given arachis oil only. 1,4[*C]-putrescine (New 
England Nuclear) was dissolved in 0.9% NaCl 
solution (saline). All injections were given s.c. 


Preparation of samples for analysis 


Urine samples were prepared as follows: sul- 
phosalicylic acid (30mg) and ethylenediamine 
tetraacetic acid (EDTA, 1 mg) were added to each ml 
of urine and the mixture was kept cold (4°C) at least 3 h 
before the pH was adjusted to 2.0—2.5 with NaOH. The 
solution was then filtered through a filter with a pore 
size of 0.22 um (Millipore Corp., Bedford, Mass. 
01730). Extracts of homogenized kidney were prepared 
in a similar way. 


Determination of putrescine and its metabolites 


The separation and quantitative estimation of the 
relevant compounds in urine and kidney extracts were 
carried out at 60°C on a column of Durrum DC 6A 
(7.0x0.6cm) using the automatic amino acid 
analyser, LKB-BIOCAL 3201; the principle of the 
method has been published (Hatano, Sumizu, 
Rokushika & Murakami, 1970). In our modification 
of the method for separation of putrescine, spermidine 
and spermine four buffers made up of sodium citrate 
and sodium chloride were used in sequence with a flow 
rate of 80 ml/hour. The composition and the run time of 
the buffers were: Buff. A: 0.20 M Nat, pH 3.5, 44 min; 
Buff. B: 0.35 M Nat, pH 6.3, 44 min; Buff. C: 0.9 M 
Nat, pH 6.3, 48 min; Buff. D: 2.8 M Nat, pH 5.8, 
40 minutes. The amines were quantified by measuring 
the peak areas of the curve representing the ninhydrin 
coloured complex. 

For analysis of radioactive compounds the same 
amino acid analyser was used. After the stream had 
passed the column, it was split according to the 
method of Lou (1973). One half of the effluent was 
used for ninhydrin reaction in the usual way and the 
other half proceeded to a fraction collector by means 
of which a total of 70 fractions (2.0 ml each) were 
collected. To 1 ml of these fractions 9 ml of the liquid 
scintillator Instagel (Packard) was added and the 
radioactivity was measured in a liquid scintillation 
spectrometer (Packard TRI-CARB, 2002). 

The final identification of the compounds in relevant 
fractions of eluates from the amino acid analyser was 
achieved as follows. Putrescine, spermidine and 
spermine were isolated by electrophoresis and 
determined as described in an earlier paper 


(Henningsson & Rosengren, 1975). The identity of 
GABA was confirmed by rechromatography on the 
column of the amino acid analyser but in a different 
buffer system (0.127 M Nat, 0.025 M citrate, pH 2.88) 
as described by Hamilton (1962) for separation of 
amino acids. Further, co-chromatography with 
authentic GABA showed a coincident peak. 


Determination of expired “CO, 


Mice were injected with ['C]-putrescine (2.5 pCi, 
50 ug) and immediately placed in a cylindrical plastic 
chamber. A flow system provided air through the 
chamber in a constant stream. This air-stream was 
finally directed to a series of vials containing 5 ml of 
hyamine 10-X for quantitative absorption of the 
“CO, excreted. Aliquots (0.1 ml each) of the hyamine 
were transferred to counting vessels containing 10 ml 
of Bray scintillation solution (Bray, 1960) and the 
radioactivity was determined. 


Results 


Radioactivity in the kidney and urine after 
administration of [**C]-putrescine 


Castrated mice were injected with nandrolone (0.1 mg 
daily for 3 days); controls received arachis oil only. A 
subcutaneous injection of [}*C]-putrescine was given 
on the 3rd day and the amount of [!*C]-compounds in 
the kidney was determined 1h and 24h later and in 
the urine 24 h later. 

The results of the determinations of [}*C]- 
compounds found in the kidney are presented in 
Figure 1 where for the sake of simplicity the radio- 
activity is given as nCi/g. The combined weight of the 
two kidneys of castrated mice was about 260 mg and 
of mice given nandrolone (0.1 mg daily for 3 days) 
360 mg. In both groups of mice 40% of the total 
radioactivity found in the kidneys 1h after the 
injection of ['4C]-putrescine was unchanged [!*C]- 
putrescine. After 24 h this portion was reduced to 5% 
of the total radioactivity. 

A major part of the radioactivity found in the 
mouse kidney after the injection of ['*C]-putrescine 
was apparently incorporated into the spermidine 
skeleton; this was particularly noticeable in 
determinations made 1 h after the injection. Further, it 
was found that at 1h after administration of ['*C]- 
putrescine, the concentration of labelled spermidine 
was twice as high in the kidney of the nandrolone- 
treated animals as it was in the kidneys of the controls 
while at 24 h no difference was found between the two 
groups. 

Appreciable amounts of [!*C]-spermine were found 
in both groups of mice 1h and 24 h after the injection 
of ['*C]-putrescine. The highest concentrations were 
noted at 24 hours. As seen from Figure 1, the 
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Figure 1 


Radioactivity {(nCi/g) in the kidney 1 h and 24 h after [4C]~putrescine (2.5 pCi s.c.). Open columns: 


controls; hatched columns: mice Injected with nandrolone (0.1 mg dally for 3 days). PUT=putrescine, 
SPD =spermidine, SPN=spermine, GABA = p-aminobutyric acid, UNIDEN. C.==unidentlfied compound. Each 
column ls the mean+s.¢e. mean of 4 observations. Total kidney welghts: controls 260 mg, nandrolone-treated 


animals 360 mg; no significant difference In body welght. 


spermidine concentrations were reduced and those of 
spermine elevated 24h after the injection; this 
observation may be due to the fact that the labelled 
carbon of putrescine is incorporated into spermidine 
before it can be transferred to the spermine molecule. 

In the mouse kidney considerable amounts of radio- 
active carbon were recovered as GABA following the 
subcutaneous injection of ['*C]-putrescine (Figure 1). 
In addition to the above mentioned radioactive 
compounds found in the kidney extract after injection 
of ['*C]-putrescine, an unidentified radioactive 
compound was eluted from the column. This 
substance appeared before GABA in the eluate and 
was distinctly separated from the latter. The amount 
of this unknown compound was greater than that of 
GABA and it appeared that the concentration of the 
unidentified compound as well as that of GABA was 


Table 1 


several times higher at 1 h after putrescine administra- 
tion than at 24 hours. No quantitative differences were 
seen in the amounts of GABA or the unidentified 
compound between the kidneys of animals treated with 
nandrolone or the controls. 

From the mice in which [!*C]-putrescine 
metabolites were determined in the kidneys 24 h after 
['*C] were incorporated into GABA. An unidentified 
examined its ['*C]-compounds. Of the total radio- 
activity injected 20% appeared in the urine m the 
untreated controls and 39% in the group of mice given 
nandrolone. Table 1 shows that about two-thirds of 
the total urinary radioactivity was excreted as unmeta- 
bolized putrescine. Significant amounts of the injected 
[1C] was incorporated into GABA. An unidentified 
carbon-labelled compound was also present in the 
urine and appeared in the same fraction of the column 


Radioactivity (nCi/24 h) in urine after injection of [*C]-putrescine in 6 controls and 6 mice injected 


with nandrolone (0.1 mg dally for 3 days). Means+s.e. means and the degrees of significance between 
nandrolone-treated animals and controls are given. For abbreviations see Figure 1. 


4 


Total 
radioactivity Putrescine 
Controls 490.8 + 118.05 300.5 + 94.33 
Nandrolone 


*P<0.05, **P<0.01. 


Unidentified 
Spermidine Spermine GABA compound 
2.56+0.38 0.4 +0.12 172+2.65 128.2+13.11 


975.4 + 167.75"694.9+126.70% 8.041.00% 084020 21.8+0.90 178.44+22.23 
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Figure 2 Concentrations of endogenous putrescine 
(PUT), spermidine (SPD) and spermine (SPN) in the 
kidneys In controls {open columns} and In mice 
injected with nandrolone (0.1 mg daily for 3 days; 
hatched columns). The content Is expressed In nmol/g; 
each column is the mean + s.e. mean of 8 
observations. The degree of significance between 
nandrolone-treated animals and controls is given. 
*P<0.02,**P<0.01. 


eluate in which we had observed the unidentified 
radioactive substance in the kidney extracts. The 
amount of this substance in the urine was almost 10 
times that of GABA. Less radioactivity was found in 
the urinary polyamines spermidine and spermine. The 
excretion of ['4C]-spermidine was significantly higher 
in mice treated with nandrolone. 


Content of endogenous putrescine, spermidine and 
spermine in the kidney and urine after nandrolone 
administration 


The content of endogenous putrescine, spermidine and 
spermine in mouse kidney and urine after nandrolone 
injections was determined and compared with that of 
castrated control mice. The analysis was done on the 
same mice which were used in the experiments with 


2 50 

gO) 

R 40 

€ 

oO 

Š 39 

O 

P 

5 20 

ae 

Q 

D 

3 10 

g 

E 

aS) 

j Q 

E Q 30 60 90 120 
O Time (min) 


Figure 3 Cumulative “CO, excretion following 
Injection of ['4C]-putrescine in mice injected with 
nandrolone (0.1 mg dally for 3 days; @} and In controls 
(O). Mean values of 3 experiments. 


['4C]-putrescine (see above). In the kidney the content 
of each of the amines determined was elevated after 
nandrolone administration, particularly that of 
putrescine which was increased eight times (Figure 2). 
Still greater differences were found between controls 
and nandrolone-injected animals in the urinary 
excretion; the nandrolone-treated group excreted 20 
times more putrescine and 5 times more spermidine 
than the controls (Table 2). The excretion of spermine 
was low and not significantly different in the two 
groups. 


Radiorespirometric recording of ‘CO, after injection 
of labelled putrescine 


Figure 3 shows the time course of the occurrence of 
4CO, in the expired air during the 2h period 


Table 2 Urinary excretion (nmol/24 h) of putrescine, spermidine and spermine In 6 controls and 6 mice 
injected with nandrolone (0.1 mg daily for 3 days). Means+s.e. means and the degrees of significance 
between nandrolone-treated animals and controls are given. The volumes of the 24 h urinary samples were 4 


to 5 mi in both groups. 





Putrescine 
Controls 198.4 + 34.02 
Nandrolone 4307.9 + 457.60* 


*P<0.01. 


Spermidine Spermine 
29.3+3.96 2.2 + 1.40 
137.1+26.64* 4.6+2.48 


following the injection of ['*C]-putrescine (2.5 pCi). 
Nearly 50% of the injected dose was expired as “CO, 
within 2 hours. No difference was seen between the 
control group and the group treated with nandrolone. 
In mice pretreated with the diamine oxidase inhibitor 
aminoguanidine (5 mg/kg) half an hour before the 
['*C]-putrescine injection the production of “CO, was 
lowered to 3% of the injected radioactivity. 


Discussion 


A rather conspicuous finding in this study was the 
presence of radioactive GABA in the kidney and urine 
after injection of [!4C]-putrescine. The incorporation of 
putrescine carbon into GABA in rat liver and brain 
has been reported (Seiler et al, 1971). During the 
preparation of this report Seiler and his group reported 
also the urinary excretion of radioactive GABA after 
['4C]-putrescine injection in mice but only after 
pretreatment with an inhibitor of y-aminobutyrate 
aminotransferase, an enzyme that hastens the 
degradation of GABA (Seiler & Eichentopf, 1975). 
The discrepancy between Seiler’s and our results 
cannot yet be explained. It may be due to differences 
in the methods used to assay GABA. We have found 
the automatic amino acid analyser very useful for 
determinations of amines and, when combined with 
the split-stream technique as in this study, also for 
determinations of radioactivity in various amine meta- 
bolites, such as GABA. 

Janne (1967) showed in rats that one-third of the 
injected dose of ['*C]-putrescine was expired as “CO, 
within 2 h, an observation which we have confirmed in 
mice. [4C]-GABA administered to rats is rapidly 
degraded to ‘CO, via the Krebs’ tricarboxylic acid 
cycle (Wilson, Hill & Koeppe, 1959). The present 
results, together with the reports of Seiler’s group 
(Seiler et al, 1971; Seiler & Eichentopf, 1975), show 
that GABA is an intermediate in the catabolism of 
putrescine to carbon dioxide. 

One hour after injection of putrescine, [C]- 
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spermidine was present in the kidney in amounts 
similar to that of the parent compound. Further, in 
mice treated with nandrolone [!C]-spermidine was 
elevated at Ih and the radioactive spermidine 
disappeared faster, indicating an accelerated turnover 
rate. These observations appear useful in attempts to 
explore possible functions of the amine. 

As mentioned in the Introduction recent studies on 
rapidly growing cells and tissues suggest a connection 
between synthesis of polyamines on the one hand and 
nucleic acid and protein metabolism on the other. We 
report an increased accumulation of endogenous 
putrescine and polyamines in the kidney under the 
influence of an anabolic agent which is reflected in the 
urinary excretion. Besides, the urinary excretion of 
radioactive carbon incorporated into spermidine was 
elevated indicating an increased formation of this 
amine. The elevation of the total urinary radioactivity 
owing to an increased ('4C]-putrescine excretion in the 
anabolic steroid treated mice may be explained by a 
heightened renal blood flow which is reported to occur 
in mice treated with testosterone propionate (Broulik, 
Kochakian & Dubovsky, 1969). 

Evidence is accumulating that in patients with 
tumours and leukaemia the excretion of polyamines is 
elevated; determination of the rate of polyamine 
excretion has been suggested as a test in the early 
detection of cancer (Russell, Levy, Schimpff & Hawk, 
1971). The present study showed that more urinary 
radioactive carbon was found in the fractions of 
GABA and in the unidentified compound than in the 
polyamine fractions pointing out the relative 
importance of the different pathways in putrescine 
metabolism. If it were possible to determine 
endogenous amounts of the as yet unidentified 
putrescine metabolite the estimation of this compound 
in the urine may be a more sensitive tool in revealing 
early cancer. 
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The effects of dobutamine in the early 
stages of acute experimental 
myocardial infarction in the dog 


R.J. MARSHALL & J.R. PARRATT 


Department of Physiology and Pharmacology, University 
of Strathclyde and Department of Surgery, University of 
Glasgow 


It has been reported (Tuttle, Pollock, Todd & Tust, 
1973) that the £-adrenoceptor stimulant, dobutamine, 
reduces the area of infarction which results from 
coronary artery occlusion in dogs. The reasons for 
this interesting action are uncertain but could be 
related to changes in blood flow and oxygen 
availability. We have now investigated the effects of 
dobutamine on these parameters, using methods 


previously described (Marshall & Parratt, 1976), 
simultaneously in both normal and acutely ischaemic 
regions of the left ventricular wall, 1 —2 h after acute 
coronary occlusion in anaesthetized greyhounds. 
These effects have been related to changes in the 
extent, and degree, of ischaemic injury as assessed by 
epicardial S-T segment mapping. 

The results (Table 1) demonstrate the positive 
inotropic effect of dobutamine in the early stages of 
infarction. In contrast to other cardiac stimulants 
(Ledingham, Marshall & Parratt, 1973), this was 
achieved without a significant increase in myocardial 
oxygen consumption. Similar effects were observed 
with a dose of 20yugkg—! min“! except that the 
increase in heart rate (189+7 to 219+8 beats/min) 
was more pronounced. Blood flow in the ischaemic 
myocardium was consistently increased by 
dobutamine and oxygen extraction decreased. The 
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Table 1 
anaesthetized greyhounds 


Mean systemic blood pressure (mmHg) 
Heart rate (beats/min) 
LV dP/dt max (mmHg/s} 
LVEDP (mmHg) 
Cardlac output (l/min) 
Transventricular driving pressure (mmHg) 
Myocardial blood flow 
(norma! region (ml/min) 
Coronary sinus oxygen content 
(mi/100 ml) 
Myocardial blood flow 
(ischaemic region) {mi 100 g-' min`?) 
Coronary veln oxygen content 
(ml/100 mi) 


*P<0.05 Palred t test. 


dobutamine-induced increases in myocardial con- 
tractility and work did not extend the ischaemic area 
since epicardial S-T segment elevation was slightly 
reduced or remained unchanged. In contrast, 
isoprenaline in a dose (0.1 pgkg-/ min-') that 
increased dP/dt max. to the same degree, consistently 
increased S-T segment elevation, an effect related to 
the more pronounced tachycardia. Dobutamine and 
isoprenaline also differed in their effects on local 
myocardial temperatures, dobutamine causing 
significantly smaller increases especially in the sub- 
endocardial layers of the infarcting zone. 

These effects of dobutamine on blood flow, 
temperature and S-T elevation may result from an 
increase in transventricular pressure (Marshall & 
Parratt, 1974) and thus favour subendocardial blood 
flow. 


The effects of dobutamine (10 ug kg mint) following acute coronary artery occlusion in 


Pre-dobutamine Post-dobutamine 


133 +3 13443 
188+13 210+ 10* 
2278+225 3313 +297* 
7741.3 5.6+1.2* 
2.20.4 2.6+0.3* 
3.5+2.8 8.2 +3.2* 
75+12 96+14* 
9.7+0.5 12.4+0.3* 
27+6 34 + 8* 
8.5 +40.1 13.1 4 1.3* 
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Comparative effects of chloralose and 
pentobarbital on atrioventricular 
conduction in the dog 


R. DELAIGUE, P. DUCHENE-MARULLAZ, 
G. GUEORGUIEV & J.P. KANTELIP 


Department of Pharmacology, Faculty of Medicine, 
63001 Clermont-Ferrand Cedex, France 


Two electrodes were implanted in mongrel dogs of 
either sex: one at the upper end of the atrioventricular 
node, the other 2 cm away in the atrial myocardium. 
The electrode leads emerged in the region Of the back 


of the neck. It was then possible to study in the 
conscious dog atrioventricular conduction by 
stimulating the atria at increasing frequencies m 
successive stages. In the unanaesthetized animal at 
rest, there was a difference in the sensitivity to the 
atrial stimulation depending on the stage of the 
respiratory cycle: minimal (135+ 15 beats/min) 
during expiratory bradycardia, maximal 
(240 + 14 beats/min) during inspiration. 

Chloralose (0.8 g/kg i.v.) did not substantially 
modify sinus rate or atrioventricular conduction 
(n= 7). It did not alter these two stages but decreased 
the positive chronotropic effects and to a lesser extent, 
the dromotropic effects of atropine (0.1 mg/kg i.v.). 

Pentobarbital (25 mg/kg i.v.) suppressed 
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respiratory arrhythmia and its phasic influence on 
conduction. It decreased both the positive 
chronotropic and dromotropic influence of atropine. 

In conclusion, pentobarbital is contraindicated as 


an anaesthetic for the study of atrioventricular 
conduction in the dog. Although chloralose seems 
preferable, it also attenuates if to a lesser extent, the 
facilitating dromotropic influence of atropine. 





Heterogeneous reactivity of atrial 
and ventricular cardiac contractile 
tissue , 

J.P. FARGES, G. FAUCON & 

M. OLLAGNIER 


Department of Madical Pharmacology, University Claude 
Bernard, Lyons, France 


In order to investigate induced changes in the effective 
refractory period of the atrial and ventricular cardiac 
muscle by means of cardiotropic drugs, the in- 
terventricular septum was removed in 24 mongrel 
dogs under chloralose anaesthesia and during total 
cardio-pulmonary by-pass to obtain independent atrial 
and ventricular contractions. The comparison of the 
variations of the effective refractory period in the right 
atrium and in one of the ventricles was checked by the 


extra-stimulus method, the contractile fibres being 
directly under the dependence of an electric pacer 
(frequency:150/min) to prevent rhythm-induced 
changes of the refractory period. 

Acetylcholine (0.5, 1 and 2 mg kg! min`?) 
considerably shortened the effective refractory period 
of atrial cardiac fibres (P < 0.05), but did not provoke 
any change in the ventricular contractile tissue. 

Ouabain (30, 40 and 50 pg/kg) and quinidine (5, 10 
and 20 mg/kg) induced larger variations in the 
refractory period of atrial contractile tissue than in the 
ventricular tissue. 

Nevertheless, the heterogeneous reactivity of the 
contractile tissue, present both in the atrium and in the 
ventricle, is not a general law. As a matter of fact, the 
isoproterenol (0.5, 1 and 2 g/kg/min)-induced 
shortening of the effective refractory period for both 
atrial and ventricular tissue is not significantly 
different. 





A method for experimental study of 
arrhythmias following myocardial 
infarction in closed-chest dog. its use 
as a test for antiarrhythmic drugs 


B. DUPUIS, P. GAUTIER, 
G. RICHER & M. SERRE 


Centre de Recherches Clin-Midy—F 34 Montpellier 


A small metallic coil was wedged distally either in the 
anterior interventricular artery or in the circumflex 
artery through coronary catheterization under X-ray 
control. While the animal recovered from anaesthesia 
a thrombosis developed progressively. The ECG was 


monitored by telemetry on a 24 h basis. All changes of 
the cardiac rhythm and/or of the QRS complexes 
were analysed on a specially built electronic device. 

The method has been applied to 50 dogs on which a 
total of 55 infarctions were elicited. All animals but 
one showed ventricular arrhythmias. Two of them 
died from ventricular fibrillation. More than half of the 
dogs had episodes of ventricular tachycardia. In all 
cases trains of ventricular extrasystoles were observed. 
The delay in onset of the arrhythmia was variable, 
ranging from 70 min to 30 hours. The duration of the 
periods of arrhythmia ranged from one to six days. 

Ajmaline, amiodarone, phenytoin, disopyramide, 
quinidine, lidocaine, procainamide, propranolol and 
verapamil were administered during various types of 
ventricular arrhythmias. 
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Effects of tryptamine on mechanical and 
electrical activities of sino-atrial 
frog auricular trabeculae 


D. GARNIER, N. GOUPIL, J. NARGEOT, 
B. POURRIAS & O. ROUGIER 


Department of Pharmacology, Delalande Centre of 
Research, 10 rue des Carrières 92500 Ruail-Maimaison 
and Laboratories of Physiology, Facultés des Sciences de 
Tours et de Lyon 


The effects of tryptamine on ionic currents were 
studied in frog atrial fibres by means of a double 
sucrose gap technique associated with a transducer 
RCA 5734 for the recording of mechanical tension. 
‘Under current clamp conditions, tryptamine 
(5x 10-6 g/ml), without modifying the membrane 
resistance, caused a significant increase in the slow 
phase of depolarization and an increase in plateau 
duration. The rate of rise of the action potential was 
not affected, but tryptamine produced a marked 
increase in contraction strength. When rapid inward 


current was blocked by tetrodotoxin and external 
calcium was removed, the inotropic effect was still 
observed. In sodium-free medium, it disappeared. 

Under voltage clamp conditions, calcium inward 
current and the phasic component of the contraction 
were not modified. In calcium-free medium, the 
increase in contraction amplitude may be related to 
the important rise of slow sodium inward current. 
Unlike the description by Horackova & Vassort 
(1974), our observations show that variation of the 
contraction strength responds, beat to beat, to the 
variation of slow inwatd sodium current. 

These results suggest that the inotropic property of 
tryptamine is mainly due to an increase of the slow 
inward current and that sodium induces calcium 
release. 
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Autonomous contro! of the heart, 
myocardial blood flow and S-T segment 
in canine ischaemic myocardium 


A. BERDEAUX, J.R. BOISSIER & 
J.F. GIUDICELLI 


Laboratoire de Pharmacologie Il, 15 rue de l'Ecole-de- 
Médecine 765270——Paris, Cedex 6, France 


The effects of cardiac parasympathetic stimulation 
and of bilateral stellectomy on regional myocardial 
blood flow (measured by tracer microspheres) and the 
S-T segment were investigated in normal and 
ischaemic regions on a reproducible model of 
temporary coronary occlusion in the dog. ` 

The control coronary occlusion did not modify 
heart rate but induced in the ischaemic area an 
increase in S-T segment and a decrease in endo- 
(—71%) and epicardial (49%) blood flows, resulting 
in a diminished endo/epi ratio (ranging from 
0.40+0.04 to 0.56+0.08 as compared with 
0.97+0.02 to 1.044+0.04 in the non-ischaemic 
region). 


Bilateral stellectomy decreased heart rate (—33%), - 


lowered S-T segment elevation (—62%) and further 
reduced endo- (--35%) and epicardial (—30%) blood 
flows in the ischaemic area without inducing 


redistribution (endo/epi ratio=0.52+0.05 as 
compared with 0.56+0.08). Endo- and epicardial 
blood flows were also reduced (—40%) in non- 
ischaemic areas and endo/epi ratio was not modified. 

Vagal stimulation (30 Hz, 2 ms, 3 V) decreased 
heart rate (—16%) and S-T segment elevation (—30%) 
and increased slightly but non-significantly endo- and 
epicardial blood flows (+11%) and endo/epi ratio 
(+5%) in ischaemic areas. However, at 70 Hz, vagal 
stimulation still reduced heart rate (~28%) and S-T 
segment elevation (—44%) but significantly increased 
endo (+108%) and epicardial (+92%) blood flows 
resulting in an endo/epicardial blood flow redistribu- 
tion (endo/epi ratio:0.56+0.03 as compared with 
0.40 +0.04, P<0.01). These effects of vagal 
stimulation at high frequencies were maintained under 
electrosystolic pacing of the heart but abolished under 
combined electrosystolic pacing and atropine 
administration. 

It is concluded that (1) there is no correlation 
between regional blood flows and endo/epi ratio 
evolution in ischaemic areas on the one hand and 
bradycardia on the other hand, although there is 
correlation between decrease in heart rate and 
lowering of S-T segment, (2) the redistribution 
phenomenon observed after vagal stimulation at high 
frequencies is probably related to a muscarinic effect 
of acetylcholine. 


ai 
\ 
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Atenolol, regional myocardial blood 
flow and S-T segment in canine 
ischaemic myocardium 


A. BERDEAUX, J.R. BOISSIER & 
J.F. GIUDICELLI 


Laboratoire de Pharmacologie il, 15 rue de l'Ecole-de- 
Médecine 75270—Parts, Cedex 6, France 


The effects of atenolol on regional myocardial blood 
flow (measured by tracer microspheres) and the S-T 
segment were compared in normal and ischaemic 
regions on a reproducible model of temporary 
coronary occlusion in the dog. 

The control coronary occlusion did not modify 
heart rate but induced in the ischaemic area an 
increase in S-T segment and a decrease in endo- 
(—71%) and epicardial (49%) blood flows, resulting 
in a diminished endo/epi ratio (0.55+0.05 as 
compared with 1.02+0.05 in the non-ischaemic 
region). 


Atenolol (1 mg/kg, i.v.) decreased heart rate 
(28%), lowered S-T segment elevation (—60%) and 
further reduced endo- and epicardial blood flows 
without inducing redistribution (endo/epi 
ratio: 0.61 +0.09 in the ischaemic area). In the non- 
ischaemic area, atenolol also decreased endo- and 
epicardial blood flows (—40%) without affecting 
endo/epi ratio (1.08+0.07). Bilateral stellectomy 
induced similar effects to atenolol administration. 

After bilateral stellectomy, atenolol (1 mg/kg, iv.) 
induced no additional effects. Finally, under 
electrosystolic pacing, atenolol (1 mg/kg, i.v.) no 
longer lowered S-T segment elevation and did not 
further modify regional blood flows and endo/epi 
ratio. 

It is concluded that atenolol (1) reduces regional 
myocardial blood flows and S-T segment elevations, 
these two phenomena being correlated with the 
decrease in heart rate, (2) does not induce endo- 
epicardial blood flow redistribution neither in 
ischaemic nor in non-ischaemic regions. 





An indolizine with an amiodarone-like 
haemodynamic profile 


R.H. CHARLIER, J.A. RAUTHIER & 
J.C. RICHARD 


Department of Pharmacological Research, LABAZ 
Centre Research, 1 120—B8ruxellas, Belgium 


L9394 or 2-ethyl-3-(4-)-di-n-butylaminopropoxy- 
benzoyl)-indolizine hydrochloride (each 10 mg/kg, 
5% aqueous solution) produces amiodarone-like 
haemodynamic effects when injected i.v. (2 min) into 
the atropinized (1 mg/kg iv.) and anaesthetized 
(sodium pentobarbitone, 30 mg/kg i.v.) mongrel dog. 
Maximal changes in all measured haemodynamic 
parameters occurred at the end of the injection-time, 
except for heart rate for which the maximal change was 
noted after 5 minutes. The average changes were as 
follows in 11 treated dogs compared to 18 control dogs 
receiving saline. Heart rate decreased consistently by 
31%. Mean blood pressure fell by 48%, diastolic 
pressure being more reduced than systolic pressure. 
Myocardial oxygen consumption computed according 
to the index of Robinson (1967) diminished sharply by 
58%. Cardiac output increased by 74%, stroke volume 
by 160%. L9394 also enhanced coronary arterial 
blood flow (as measured electromagnetically in 10 open 
chest dogs) by 123% on the average. All these changes 
were very highly significant (P<0.001). Heart rate 
decrease lasted for at least 3 h without any change, but 
the other parameters wore off within different times; 1 h 


in the case of blood pressure and cardiac output, 20 min 
in the case of coronary blood flow, while myocardial 
oxygen consumption was still reduced by 30% 
(P<0.05) after 1h and stroke volume was still 
increased by 30% (P < 0.05) at the same time. L 9394 is 
furthermore endowed with non-competitive 
adrenoceptor-blocking properties since adrenaline and 
noradranaline-induced hypertension as well as 
adrenaline- and isoprenaline-induced tachycardia were 
markedly antagonized but never blocked. 

The overall haemodynamic properties of L 9394 are 
qualitatively similar to those of amiodarone (Charlier, 
Deltour, Baudine & Chaillet, 1968), which is a very 
effective medication for the long term treatment of 
angina pectoris (Charlier, 1971). Furthermore drug- 
induced bradycardia has been shown to be a highly 
desirable property for an antianginal drug (Gomoll & 
Braunwald, 1973; Charlier, 1974), because heart rate 
is a major determinant of myocardial oxygen 
consumption (Braunwald, 1971). It is therefore 
considered that L 9394 is worthy of a clinical trial in 
patients with angina. 
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Oxprenolol in angina pectoris 


S.H. TAYLOR & U. THADANI 


University Departments of Cardiovascular Studies and 
Medicine, The General Infirmary, Leeds 


Symptomatic, ECG and circulatory effects of the f- 
adrenoceptor antagonist oxprenolol were evaluated 
- during treadmill walking in a placebo controlled 
double-blind study in 35 male patients with stable, un- 
complicated angiographically-defined angina pectoris. 
After a single oral dose of oxprenolol (160 mg), plasma 
concentration, increase in treadmill walking time, 
reduction in ECG ST depression and attenuation of 
exercise tachycardia and systolic pressure increase 


Some complementary data on 
AH 5158, an inhibitor of both 
a- and /-adrenoceptors 


P. HARICHAUX & L HARY 


Laboratoire de Physiologie, Faculté de Médecine, 12, rue 
Frédéric Petit, 80036 Amiens, Cedex, France 


Inhibitory properties of AH 5158 (5[1-hydroxy-2-[(1- 
methyl-3-phenylpropyl)aminolethyllsalicylamide) upon 
both a- and f-adrenoceptors, mainly in heart (6, 
receptors) and blood vessels (a receptors) have been 
reported (Farmer, Kennedy & Levy, 1971; Farmer, 
Kennedy, Levy & Marshall, 1972; Kennedy & Levy, 
1975). 

Our own results show that: (a) in guinea-pigs 
(anaesthetized with urethane), AH 5158 (1—3 mg/kg) 
inhibits the protective £, effects of isoprenaline 
(20 ug/kg) and salbutamol (30 g/kg) against the 
broncho-constrictive effects of 5-hydroxytryptamine, 
acetylcholine and histamine; (b) in the isolated rabbit 
duodenum (Tyrode solution), AH5158 
(5 x 10-*-10-5 g/ml) inhibits the relaxing effect of 


GOMOLL, A.W. & BRAUNWALD, E. (1973). Comparative 
effects of sotalol and propranolol on myocardial con- 
tractility. Arch. int. Pharmacodyn., 205, 338—354. 

ROBINSON, B.F. (1967). Relation of heart rate and systolic 
blood pressure to the onset of pain in angina pectoris. 
Circulation, 35, 1073—1083. 


peaked at 1—2 h and thereafter slowly declined over 
8 hours. 

Plasma concentration at 1 h was linearly related to 
the oral dose of oxprenolol. Dose-response 


measurements demonstrated a significant correlation 


between reduction in anginal pain, ECG ST 
depression, exercise tachycardia and systolic pressor 
response and the logarithm of the dose of drug. 

In eight patients there was no increase in exercise 
tolerance, despite similar plasma concentrations and 
similar ECG and circulatory changes to those in 
patients with significant extension of angina time. 

Oxprenolol, 160 mg twice daily, affords a rapid and 
effective treatment in the majority of patients with 
exercise-induced angina pectoris. 


0.5—1 x 10 isoprenaline (6,), 0.5~1 x 10-® adrenaline 
(a~—B,) and 10-7~10-° noradrenaline (a); (c) whilst 
looking for possible metabolic effects, we established a 
slight intrinsic effect of AH 5158 (5 and 10 mg/kg) on 
plasma K+ level in the rat (anaesthetized with urethane- 
and an inhibitory effect (for the same doses and species) 
on sympathomimetically-induced hyperglycaemia. 

These results bring additional data to the 
pharmacological properties of AH 5158, which might 
have therapeutic applications. 
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Effect of (+)-propranolol on the 
recovery of urinary concentration 
process after frusemide, in the rat 


J.L. IMBS, M. SCHMIDT & J. SCHWARTZ 


Institut de Pharmacologie, Faculté de Médecine, 11, rue 
Humann, 67000 Strasbourg, France 


Frusemide eliminates the intrarenal sodium concentra- 
tion gradient. When its effect wears off, the recovery 
of urinary concentration process can be followed. In 
anaesthetized dogs, propranolol delays this recovery 
(Imbs, Schmidt, Belhadj-Mostefa & Schwartz, 1975). 
We have observed the effect of propranolol on the 
recovery of the sodium cortico-papillary gradient after 
frusemide, in conscious male Wistar rats. (a) 
Propranolol does not modify the diuretic action of 
frusemide but keeps urinary osmolality down: 579 + 40 
(s.e. mean, n= 20) instead of 901+ 78 (P < 0.001), and 
1236+105 instead of 1671+60m osmol/kg 
(P <0.005) respectively 4h and 8h after frusemide 
injection. (b) Papillary and cortical sodium con- 
centrations were measured according to Atherton, Hai 
& Thomas (1968), 30 min, 1, 2, or 3 h after injecting 4 
groups of 20 rats with frusemide (20 mg/kg). Half these 
rats had been treated with propranolol (6 mg/kg). Ratio 
of these two concentrations, obtained from dry tissue 
weight, served as an index to intrarenal sodium 
gradient. 

Propranolol inhibits the recovery of intrarenal 
sodium concentration gradient (Figure 1). Cortical 
sodium concentration remained constant. Medullary 
hypertonicity remained lower much longer in 
propranolol-treated animals. Three hours after 
frusemide injection, the papillary Na-cortical Na ratio 
was 3.6+0.2 (n= 10) instead of 4.4+0.2 (P<0.05) 
without propranolol. 


Our grateful thanks to ICI for the (+)}propranolol 
hydrochloride. 


The role of potassium in the 

inhibition by cardiac glycosides of 

a prepared from human 
eart 


A. DE POVER & T. GODFRAIND 


Universté Cathollque de Louvain, Laboratolre de 
Pharmacodynamia Générale et de Pharmacologle, 
Avenue E. Mounier, 73—UCL 7350, 1200 Bruxelles 


We have prepared an enriched fraction of human 
heart (Nat-K+)-ATPase from homogenates treated by 


27 


413P 


ila (dry weight) 





ë 
© 
j ! 
ee Se ARE E E, 
05 1 2 3 
Time after frusemide (h) 
Figure 1 Regression curves for the papillary 


Na/cortical Na ratlo expressed as a function of time 
between frusemide injection and kidneys removal. 
The equation for the curve Is Y=0.797 X+2.039 
{-=0.6819, n=40) after frusemide (O), and 
Y=0.479 X+2.184 (r=0.5233, n=40) after 
frusemide combined with propranolol (@). The slopes 
of these 2 curves are significantly different (P < 0.05). 
Polnts represent the mean of 10 measurements, 
vertical bars, s.e. mean. 
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Nal (De Pover & Godfraind, 1976). The activity of 
this preparation was equal to 10—15 umol Pi mg pro- 
tein-' h`? at 37°C in a medium containing 
(mM):NaCl 100, KC13, MgCl, 3, Tris-ATP 2.5, 
EGTA 1, Tris-maleate 20 (pH 7.4) (final volume 
l ml). The ATPase reaction was started by the 
addition of enzyme preparation (10 ug) and stopped 
by 0.1 ml of 50% trichloroacetic acid. The preparation 
contained 5% of residual Mg-ATPase. 

The inhibition of (Nat-K+}ATPase by digoxin, 
digitoxin, gitoxin and ouabain has been studied. The 
presence of the sugar chain and of the unsaturated 
lactone ring was required for full activity as reported 
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Table 1 
IC so Without 
preincubation 
in the absence 
Cardiac glycosides of Kt 
(uM) 
Digoxigenin 0.36 (0.08) 
Digoxigenin 
digltoxoside 0.066 (0.006) 
Digoxigenin 
bis-digitoxoside 0.10 (0.01) 
Digoxin 0.19 (0.02) 
Desacetyl 
lanatoside C 0.30 (0.05) 
Dihydrodigoxin 2.1 (0.3) 


Concentrations of cardiac glycosides producing 50% inhibition of human heart (Na+-K*t)-ATPase 


ICs with 
preincubation 
in the absence 

of Kt 
(uM) 
0.32 (0.03) 


0.013 (0.001) 


0.020 (0.003) 
0.036 (0.003) 


0.042 (0.004) 
2.86 (0.6) 


The activity of (Nat-K*+)-ATPase was estimated by measuring the release of PI after 1 h incubation at 37°C. The 
Incubation medium contained (mm) Na 100, KCI 10, MgCl, 3, Tris-ATP 2.5, EGTA 7, Tris-maleate 20 (pH 7.4) 


and various concentrations of cardiac glycosides. 


In the experiments quoted without preincubation, the ATPase reaction was started by the addition of the 
enzyme to the Incubation medium. In those quoted with preincubation, the enzyme preparation was 
preincubated for 15 min In the incubation medium where KCI was absent; the ATPase reaction was started by 


the addition of KCl to reach 10 mM. 


IC,, were estimated from dose effect curves. The standard error, given between brackets, was the estimated 
residual standard error of the straight line drawn by regression analysis with three concentrations {n = 6) which 


evoked an inhibition of between 20 and 80 per cent. 


by Portius & Repke (1964) for guinea-pig heart 
(Nat-K+)-ATPase. As shown for the digoxin series 
(Table 1), the number of sugars was also important, 
the monoside being the most active compound as 
demonstrated with enzymes from animal species 
(Erdmann & Schöner, 1974). 

In the presence of KCl concentrations varying from 
0.5 to 20 mM, the dose-effect curve of digoxin was 
displaced to the right. Hunter-Downs plot analysis 
indicated competitive inhibition at potassium con- 
centrations up to 5 mM and non-competitive inhibition 
above that concentration. | 

The concentrations of cardiac glycosides producing 
50% inhibition of (Nat-K+}ATPase (IC,,) were 
estimated with or without a preincubation in the 
absence of KCI (Table 1). As far as concerned digoxin 
and other heterosides, IC,, measured with preincuba- 
tion were 5 to 7 times lower than without preincubation 
(P <0.001). This was not the case for digoxigenin nor 
for dihydrodigoxin; this indicates that their binding and 
the binding of the heteroside to the enzyme were 
dissimilar. 

It has been shown that, within the range of free con- 
centrations found in the blood of patients treated for 
heart failure (10-9 M to 5.10~ M), digitoxin stimulated 


the sodium pump in human heart slices and inhibited 
isolated (Nat-K+}-ATPase only by about 5 to 10% 
(Godfraind, 1972), Within this therapeutic range of 
concentrations, the cardiac glycosides here examined 
did not evoke an inhibition of (Nat-K+)-ATPase much 
different from that achieved by digitoxin. 


This work has been supported by the F.R.S.M. (Contract 
No. 20121). We thank Dr C. Chalant and Dr J. Jaumin for 
providing us with human heart samples. 


References 


DE POVER, A. & GODFRAIND, T. (1976). Sensitivity to 
cardiac glycosides of (Na+K)}ATPase prepared from 
human heart, guinea-pig heart and guinea-pig brain. 
Arch. Int. Pharmacodyn. Ther., 221, 339—341. 

ERDMANN, E. & SCHÖNER, W. (1974). Ouabain-receptor 
interactions in (Na + K}ATPase preparations. Naunyn- 
Schmiedeberg’s Arch. Pharmacol., 283, 335-356. 

GODFRAIND, T. (1972). Pharmacologie des récepteurs 
digitaliques. Bull. Acad. Roy. Med. Belg., 12, 403—443. 

PORTIUS, H.J. & REPKE, K. (1964). Versuch einer Analyse 
der beziehungen zwischen chemischer Struktur und 
Digitalis-ähnlicher Wirksamkeit auf der Rezeptorebene. 
Arzneim.-Forsch. (Drug Res,), 14, 1073—1077. 


PROCEEDINGS OF THE B.P.S., 15th-17th SEPTEMBER, 1976 415P 


Batrachotoxin: activity-dependent 
prolongation of the cardiac action 
potential and positive inotropic effect 


P. HONERJAGER & M. REITER (introduced by 
U. TRENDELENBURG) 


Institut’ für Pharmekologle und Toxikologie der 
Technischen Universität München, Biedersteiner Str. 29, 
8000 München 40 


Two steroid alkaloids, veratridine and batrachotoxin 
(BTX), are known to increase Py, of excitable 
membranes. In the case of veratridine, this effect is 
thought to underlie its positive inotropic action; 
increased passive Na influx will increase [Na];. 
Na/Ca exchange and therefore net Ca influx 
(Honerjager & Reiter, 1975). We have examined (i) 
whether BTX increases Pya of guinea-pig myocardial 
cells and (ii) whether BTX has a positive inotropic 
effect analogous to that of veratridine. Our results 
confirm and extend some of the findings published 
recently by Shotzberger, Albuquerque & Daly (1976), 
but are at variance with their observations on the 
effect of BTX on the resting membrane potential of 
ventricular myocardium. 

Six to ten minutes after addition of BTX (0.7 nM) to 
papillary muscles contracting at a rate of 1 Hz, the 
duration of the action potential starts to increase. 
Unlike veratridine, BTX prolongs the action potential 
at a progressively increasing rate. Quantitatively, this 
rate is proportional to the effect itself, suggesting that 
positive feedback is involved in the action of BTX. 
Twenty to forty minutes after addition of the alkaloid 
the prolonged repolarization phase gives rise to 
coupled extrasystoles. The effect on action potential 
duration is abolished by tetrodotoxin (10M) and 
largely reversed by washing with alkaloid-free solution 
(for 5h) or by allowing the preparation to rest in the 
presence of BTX (for 2h). The transient 
hyperpolarization of the resting potential (Glitsch, 
1973) which is observed after cessation of stimulation 
(1 Hz for >5 min) is increased from 1.55+0.16 mV to 
3.72 +0.36 mV by BTX (P < 0.001). 

The first action potential elicited after exposing a 
resting muscle for 30 min to BTX is not prolonged, no 
matter whether the muscle has been kept under 
control conditions ([K]o =5.9 mM), has been 


accumulating Na ([K], =0) or has been depolarized 
({K 1. = 145.9 mM). The ‘slow response’ 
([K]o = 24.0 mM; 1 Hz) is not prolonged during 
30 min of exposure to BTX, neither is the first action 
potential elicited after return to 5.9 mM [K] o. In each 
case, however, the action potential is prolonged during 
subsequent stimulation at 1 Hz and 5.9mM'[K],. 

Concomitantly with its effect on action potential 
duration (but in the absence of a marked change of 
resting potential) BTX produces a positive inotropic 
effect by increasing rate of force development and 
prolongs relaxation time. These effects persist in 
preparations from reserpine-pretreated animals, but 
are prevented in muscles pretreated with tetrodotox- 
in. If stimulation is interrupted, the positive inotropic 
effect decays much faster than the effect on action 
potential duration. The positive inotropic effect of 
BTX is significantly enhanced under conditions 
known to inhibit Na extrusion (dihydro-ouabain, 
20 uM;[K] o reduced to 2.0 mM). 

In conclusion, our results suggest: (i) BTX prolongs 
the cardiac action potential by keeping Na channels 
open. This increases passive Na influx, [Na]; and Na 
extrusion as suggested by increased electrogenic Na 
pumping. The BTX-membrane interaction appears to 
require conditions which are known to be associated 
with the repetitive activation of fast Na channels. (ii) 
The effect of BTX on sarcolemmal Py, is responsible 
for its positive inotropic effect, but the relation is 
indirect. The probable link is increased [Na]; leading 
to increased Na/Ca exchange. 


The authors are indebted to Drs Bernhard Witkop and John 
W. Daly for the gift of batrachotoxin. 
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Inhibition of the stimulant effect of 
5-hydroxytryptamine on cardiac 
sympathetic nerves by 5-hydroxy- 
tryptamine and related compounds 


J.R. FOZARD & A.T.M. MOBAROK ALI 


Department of Pharmacology, Materia Medica and 
Therapeutics, The University, Manchester M13 9PT 


5-Hydroxytryptamine (5-HT) stimulates nora- 
drenaline release from isolated rabbit hearts by 
activating tryptamine receptors on the terminal 
sympathetic nerves (Fozard & Mobarok Ali, 1976; 
Fozard & Mwaluko, 1976). A characteristic feature of 
the response is the tendency to rapid and reversible 
tachyphylaxis (Fozard & Mwaluko, 1976), which, in 
the absence of selective antagonists (Fozard & 
Mwaluko, 1975), is an important criterion for 
mediation through tryptamine receptors (Fozard & 
Mobarok Ali, 1976). This report explores this 
phenomenon further and details the potencies and 
selectivity of 5-HT and four structurally related 
compounds as antagonists of the stimulant effects of 
5-HT on the cardiac sympathetic nerves. 


Table 1 

Compound pA,t 
5-HT 8.75 +0.11 (6) 
N-methyl-5-HT 6.48 + 0.10 (3) 
N.N-dimethyl-5-HT 7.06 + 0.10 (5) 
5,6-dihydroxytryptamine 6.66 +0.15 (4) 
tryptamine 4.98 + 0.09 (4) 


* Molar dose ratio ED, drug/ED.,, 5-HT. 
t Mean values with standard errors. 


in that responses to noradrenaline (0.04—40 ug) 
and dimethylphenylpiperazinium (5—320 pg) were 
unaffected. 

Perfusion of hearts with tryptamine, 5,6-di- 
hydroxytryptamine, N-methyl-5-HT, and N,N- 
dimethyl-5-HT which have been shown to activate 
neuronal tryptamine receptors (Fozard & Mobarok 
Ali, 1976) also inhibited responses to 5-HT. In each 
case, inhibition was selective in that responses to the 
ED. of noradrenaline and dimethylpheny]piper- 
azinium were unaffected. Similarly, inhibition was pro- 
duced without evidence for preliminary receptor 
stimulation. Using 5-HT as the agonist, the pA, values 
for the antagonist activities of 5-HT and its analogues 
were estimated by the method of Arunlakshana & 
Schild (1959) and are presented in Table 1. Also in 
Table 1 are the activities relative to 5-HT as excitants 
and inhibitors of the cardiac sympathetic neuronal 
tryptamine receptors. 

The data suggest that 5-HT and several of its 
analogues with the property of stimulating neuronal 
tryptamine receptors can desensitize these receptors at 
concentrations lower than those required for 
excitation. If these experiments have physiological 
relevance, then it seems likely that neuronal inhibition 


Molar concentration Molar dose ratiot 
ratio (inhibition) lexcitation} 
Antilog (mean pA, 
§-HT-mean pA, drug) ED w drug/ED ṣẹ 5-HT 
1 1 
1.7 2.2 {1.7—2.8) (4) 
0.5 2.3 (1.8—3.0} (5) 
1.3 4.7 (3.2—6.9) (3) 
53 302* (135-676) (4) 


+ Mean values with 95% confidence limits (from Fozard & Mobarok All, 1976). 


Hearts were removed from rabbits given heparin 
(500 u/kg) 5 min before killing and perfused at 
constant pressure by the Langendorff technique with 
Tyrode solution containing atropine (0.5 pg/ml) at 
37°C. Right atrial and ventricular tensions and 
cardiac rate were recorded as previously described 
(Fozard & Muscholl, 1971). Drugs were given by 
bolus injection or incorporated into the perfusion fluid. 

Cardiac stimulant responses to bolus injections of 
5-HT (0.5-128 ug) were inhibited, concentration 
dependently, by perfusion of hearts with 5-HT (78 and 
312 ng/ml), concentrations which did not themselves 
cause cardiac stimulation. The inhibition was selective 


would be the normally expected response since 
excitation occurs only at high concentrations or after 
bolus injection of the drugs. 
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Effects of carbonic anhydrase inhibitors 
upon cerebral cortex oxygen 
availability and resistance to hypoxia 


R.G. BOULU, R.G. LARSEN, 
M.PLOTKINE & P. ROSSIGNOL 


Laboratoire de Pharmacodynamie, Faculté des Sciences 
Pharmaceutiques et Biologiques, Université René- 
Descartes, Paris 


Acetazolamide has been used in the treatment of 
respiratory insufficiency and appears to aid 
accommodation to altitude in man. This drug is able 
to increase cerebral blood flow without influencing the 
cerebral metabolic rate of oxygen. This effect seems to 
be due to raised pCO, of brain tissue (Gotoh, Meyer 
& Tomita, 1966). 

The influence of carbonic anhydrase inhibitors 


Pharmac., July 20-25, 1975, Helsinki, Finland, 
Abstract 697. 

FOZARD, J.R. & MWALUKO, G.M.P. (1976). Mechanism of 
the indirect sympathomimetic effect of 5-hydroxytrypt- 
amine on the isolated heart of the rabbit. Br. J. 
Pharmac., 57, 115—125. 


(acetazolamide, methazolamide, dichlorphenamide) 
upon cerebral tissue pO, has been studied in un- 
anaesthetized rabbits with chronically implanted 
oxygen electrodes. Intravenous administration of these 
drugs (5—25 mg/kg) rapidly induced a significant and 
long-lasting rise of cerebral pO,. Meanwhile, the pO, 
response to CO, inhalation was not reduced. 

Resistance to atmospheric decompression in mice 
was increased by carbonic anhydrase inhibitors, but 
these drugs displayed no protection against asphyxia! 
hypoxia in rats. 

These results are in accordance with the reported 
clinical data. 
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Long-lasting effects of the opening of 
the blood brain barrier on the 
modifications induced by intracarotid 
injection of noradrenaline 
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J.P. LEFRANCOIS & M. LEPONCIN 


Department of Pharmacology, Hotel-Dieu, rue de Lecat, 
76038—Rouen, France 


There are three problems concerning the haemo- 
dynamic effects of noradrenaline: (1) Does nor- 
adrenaline cross the blood brain barrier, when injected 
into the carotid artery? (2) What are the effects of such 
an injection on cerebral blood flow, whether the blood 
brain barrier is opened or not? (3) Which haemo- 
dynamic effects might be considered to be of central 
origin? 

The following observations were made on dogs: (1) 
Vertebral blood flow was decreased after the intra- 


carotid injection of noradrenaline. Thus, the vertebral 
artery is responsive to noradrenaline. After the 
blood—brain barrier had been opened (urea 36%, 
10 ml), the decrease of the vertebral blood flow was 
more marked and so was related to the effects of nora- 
drenaline itself on the vertebral artery and/or its 
underlying system. (2) Cardiac output increased 
immediately after the injection of noradrenaline 
subsequent to the first injection of urea. Thus, there 
must be central cardiostimulating structures responsive 
to noradrenaline. (3) Mean arterial blood pressure, total 
peripheral resistance and heart rate decreased, and 
femoral blood flow increased only after the injection of 
noradrenaline given after a second injection of urea. 

Hence, the bradycardia and the increase of cardiac 
output, which are both centrally mediated, are therefore 
related to two different mechanisms, since 
noradrenaline increased cardiac output immediately 
after the first injection of urea, but induced brady- 
cardia only after the second injection of urea. Thus, the 
effects of noradrenaline can be modulated by 
modifications of the permeability of the blood brain 
barrier. 
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Neuronal responses to adrenoceptor 
agonists in the cerebral cortex: 
evidence for excitatory a-adrenoceptors 
and inhibitory 6-adrenoceptors 


P. BEVAN, C.M. BRADSHAW & 
E. SZABADI 


Department of Psychiatry, University of Manchester, 
Stopford Building, Oxford Road, Manchester M13 9PT 


Single cortical neurones are sensitive to noradrenaline 
(NA) applied by microelectrophoresis; both excitatory 
and depressant responses have been described 
(Krnjević & Phillis, 1963; Johnson, Roberts, 
Sobieszek & Straughan, 1969; Bevan, Bradshaw, 
Roberts & Szabadi, 1974). In the present study we 
have compared the effects of NA with those of other 
a- and f-adrenoceptor agonists on cortical neurones. 

Spontaneously active single neurones were studied 
in the somatosensory cortex of the halothane- 
anaesthetized rat. All the drugs were applied by 
microelectrophoresis. Our techniques have been 
described elsewhere (Bevan ef al., 1974). 

Out of 194 cells giving consistent responses to NA, 
128 (66%) were excited and 66 (34%) were depressed 
by the drugs. Out of 93 cells responding to 
isoprenaline (IPNA), 26 (28%) were excited, and 67 
(72%) were depressed. IPNA was applied with 
increasing ejecting currents (0—100 nA) to 22 cells 
which were depressed when IPNA was applied with 
lower ejecting currents; on 14 cells the depression was 
reversed into an excitation as the intensity of the 
ejecting current was increased. Phenylephrine was 
studied on 23 cells; 22 of these cells gave consistent 
excitatory responses, one cell did not respond. 
Salbutamol was studied on 11 cells excited by 
phenylephrine; all these cells were depressed by 
salbutamol. 

Excitatory responses to NA were reversibly 
antagonized by phentolamine (10 cells), phenoxy- 
benzamine (5 cells), and propranolol (4 cells). 
Excitatory responses to IPNA could be antagonized 
by phenoxybenzamine (5 cells); on one of these cells a 
depressant response was revealed after the abolition of 
the excitation. Excitatory responses to IPNA were 
reversibly antagonized by sotalol on two cells. 
Excitatory responses to phenylephrine were reversibly 


antagonized by phenoxybenzamine (7 cells); on two of 
these cells the depressant response to IPNA, and on 
one cell the depressant response to salbutamol, was 
not affected by phenoxybenzamine. Acetylcholine 
(ACh) was used as a control agonist in each of the 
antagonism studies: responses to ACh were not 
affected. 

Depressant responses to IPNA could be 
antagonized by sotalol (10 cells). On two of these cells 
an excitation was revealed after the abolition of the 
depressant response. Responses to ACh were not 
affected. 

These results indicate that the same cortical 
neurone may respond both with excitation and 
depression to adrenoceptor agonists; the excitatory 
responses may be mediated by a- and the depressant 
responses by f-adrenoceptors. The ability of the £- 
adrenoceptor antagonists (propranolol, sotalol) to 
antagonize excitatory responses (see also Johnson et 
al., 1969) could reflect the a-adrenoceptor blocking 
properties of these drugs at somewhat higher con- 
centrations than are required for f-adrenoceptor 
blockade (Gulati, Gokhale, Parikh, Udwadia & 
Krishnamurty, 1969). Indeed, lower doses of sotalol 
often potentiate nueronal excitatory responses to NA, 
whereas higher doses have an antagonistic effect 
(Bevan et al., 1974). 


This work was supported by the North Western Regional 
Health Authority, and the Mental Health Trust and 
Research Fund. 
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Delta-9-tetrahydrocannabinol (THC) 
and macromolecular synthesis: 
mechanisms of action 


B. DESOIZE, J.C. JARDILLIER, 
C. LEGER & G.G. NAHAS 


Laboratoire de Pharmacologie et de Toxicologie 
Cellulaires INSERM U-26, 200 rue du Faubourg St 
Danis, 75010 Paris 


We have reported (Nahas, Desoize, Armand & 
Morishima, 1975) that in 105 to i0*m 
concentration, THC inhibits the incorporation of [?H]- 
leucine, [(*H]-uridine and [*H]-thymidine in cultured 
human lymphocytes stimulated with 
phytohemagglutinin (PHA). The present experiments 
were designed to clarify the mechanism of action of 
this depressant effect of THC on blastogenesis. 

First, the time course of this effect of THC was 
studied. We observed that within 15 min after its 
addition, THC inhibited the incorporation of three pre- 
cursors of protein, RNA and DNA: leucine, uridine 
and thymidine. This data indicates that THC does not 
exert its inhibitory effect specifically on the synthesis of 
a single macromolecule; such a type of specific 
inhibition is characterized by a lag in the synthesis of 
the macromolecules that are not primarily affected by 
the inhibition. In the present experiments, cell synthesis 
of all three macromolecules was inhibited at the same 
time. 

In a second series of experiments we measured the 
effect of THC on uptake of leucine, uridine and 
thymidine into the intracellular pool. This uptake was 
significantly inhibited by the drug. This inhibition of 
precursor uptake in the cellular pool can explain the 
impairment of macromolecular synthesis. 

Pool formation of precursors may be inhibited by 
three mechanisms which were next studied. Inhibition 


Is the gastric antisecretory property 
of clonidine in rats of central origin? 


X.B. PASCAUD & A.R. ROGER 


Department of Pharmacology——-I.N.R.S., 14 rue du Val 
d'Ör—92150 Suresnes, France 


It seems now established that even though clonidine 
is ineffective (Boissier, Giudicelli, Larno & 
Fichelle, 1970) or even stimulates the gastric secretion 
of anaesthetized rats as it does in pentagastrin- 
stimulated Heidenhain pouch dogs (Curwain & 
Endersby, 1974), it possesses powerful gastric 


of transport enzymes, increased cellular ‘leaking’, or 
inhibition of ATP synthesis. Cellular ‘leaking’? was 
tested by incubating for 2h lymphocytes with [14C]- 
aminoisobutyric acid (a substance which is 
transported into the cell, but not incorporated into 
macromolecules); the cells were then washed, 
incubated for 30min with THC and centrifuged; 
radioactivity was measured in the supernatant; it was 
not different from that obtained in control pre- 
parations. Effect of THC on cellular energy 
production was tested by: (a) measuring effect of THC 
on lymphocyte anaerobic glycolysis (glucose 
consumption and lactate production): it was not 
affected by the drug; (b) measuring cellular ATP con- 
centration: there was no significant decrease 
compared with control cultures. 

It would therefore appear that THC exerts its 
inhibitory effect on macromolecular synthesis to a 
greater extent by interfering with the transport 
enzymes of the plasma membrane. THC is known to 
bind on the plasma membrane (Chari-Bitron, 1971). 
At the level of the plasma membrane THC might 
act directly by altering its physico-chemical 
characteristics (Seeman, 1972). THC would therefore 
exert its inhibitory effect on cell anabolism during 
every stage of the cell cycle. 
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antisecretory properties in conscious rats (Walz & 
Van Zwieten, 1970) and in man (Kaess & Von 
Mikulicz-Radecki, 1971). This report describes the 
effects of clonidine in the 4 h-pylorus ligated rat and in 
basal or stimulated gastric secretion in chronic fistula 
rats in order to verify the hypothesis that this action is 
probably of central origin. 

Dose response curves were established in male 
Sprague—Dawley rats (250—300 g) either by the 4 b- 
pylorus ligated Shay rat preparation or in 2 x 2 h basal 
secretion tests in chronic gastric fistula rats (Pascaud, 
Errard & Blouin, 1974), some of the latter bearing 
stereotaxically implanted micro-cannula in the lateral 
ventricle of the brain. On rats with gastric fistulae, the 
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effect of clonidine (30 pg/kg s.c.) was determined on 
acid secretion stimulated by continuous i.v. infusions 
(2 ml/h) in a tail vein of histamine {1 mg kg-t h7), 
pentagastrin (6 ug kg! h~*), 2 deoxy-d-glucose (2 DG, 
25 mg kg! h7!) and methacholine (0.6 mg kg~! h-’). 
Total acidity was automatically titrated at pH=8.5 
(ATS,, Radiometer). 

Gastric acid output decreased markedly after 
clonidine in both pylorus ligated and chronic fistula rats 
under basal conditions. The corresponding ED,,s were 
27 (15—48) pg/kg, i.p., and 13.6 (5.4-34) pe/kg, s.c. 
respectively. In contrast the ED., was 5.8 
(1.6—21) pg/kg when clonidine was administered in the 
lateral ventricle of the brain. Furthermore clonidine 
(30 pg/kg s.c.) produced a very significant (P < 0.01) 
and long lasting (>3 h) inhibition when maximal acid 
responses were obtained with histamine, pentagastrin 
or 2 DG infusion. On the contrary no inhibition was 
seen on the secretion stimulated by methacholine. 

Thus clonidine used in the same dose range as that 
described in dogs for its cardiovascular activities 
possesses powerful gastric antisecretory properties in 
basal and stimulated acid secretion of conscious rats. 
Considering first the marked inhibition obtained on the 
2 DG stimulation and the lack of activity on the 
methacholine, and second the very low ED. registered 
when clonidine was administered in the lateral ventricle 


Effects of p-chloro-6-phenylethylamine 
on the uptake and release of putative 
amine neurotransmitters in rat brain 


G.B. BAKER, A. BERTOLLINI, 
R. del CARMINE, LL MARTIN & 
M. RAITERI 


MAC Neuropharmacology Unit, The Medical School, 
Birmingham, UK and Istituto di Farmacologla, Universita 
Cattolica, Roma, Italy 


The monoamine p-chloro-$-phenylethylamine 
(PCPE), a metabolite of pchlorophenylalanine 
(PCPA) has been reported by Koe & Weissman 
(1966) to cause a decrease in brain noradrenaline 
(NA) and 5-hydroxytryptamine (5-HT) levels 
following its injection intraperitoneally into rats. Our 
findings in littermate male Wistar rats, using the assay 
procedure of Martin & Ansell (1973), are in 
agreement with this. NA levels were 74.8 + 3.5% and 
5-HT levels 74.7 + 4.8% of controls (mean + s.e. mean, 
n==6) 15 min after PCPE, 40 mg/kg i.p. In the same 
animals we found no significant change in dopamine 
(DA) levels from controls. 


of the brain, it seems very likely that its gastric 
antisecretory property is of central origin in rats. Work 
is now in progress to determine more precisely the 
nature of the central neurone receptors involved in this 
activity. 
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We have now investigated the effects of PCPE on 
uptake and release of 7H-labelled DA, NA and 5-HT in 
vitro using methods previously described (Raiteri, 
Angelini & Levi, 1974; Raiteri, Levi & Federico, 
1974). Crude synaptosomal P, fractions (Gray & 
Whittaker, 1962) prepared from rat hypothalamus 
(NA studies) or striatum (DA and 5-HT studies) were 
used, and all incubation and superfusion media 
contained nialamide (1.25 x 1075 M). 

PCPE was a stronger inhibitor of 5-HT and NA 
uptake than of DA uptake (IC,,=2.2 x 10-°M, 
5.0x10-°m and 1.5x 1075M respectively) and, as 
shown in Figure 1, showed marked differences in its 
effect on the release of the three transmitters, being a 
particularly strong stimulator of 5-HT release. 
Simultaneous experiments with £-phenylethylamine 
demonstrate that addition of the p-chloro substituent on 
f-phenylethylamine has little effect on NA release, but 
has a dramatic influence on 5-HT and DA release, 
increasing the former and decreasing the latter. 

This compound appears to be a useful analogue for 
studying structure-activity relationships in the effects 
of phenylethylamine derivatives on the transport of 
amine neurotransmitters In vivo and in vitro, although 
to maintain substantial levels in vivo for long periods 
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Figure 1 


Effect of p-chloro-8-phenylethylamine (PCPE) and f-phenylethylamine (PE) on biogenic amine 


release. P, preparations, prelabelled with tritiated noradrenaline (NA), dopamine (DA) or 5-hydroxytryptamine 
(5-HT} were collected on millipore filters In superfusion chambers and superfused at a rate of 0.5 ml/minute. 
Fractions of the superfusate were collected at 1 min Intervals. The radioactivity of each fraction Is expressed as 
a percentage of the total radioactivity recovered (fractions plus fitter) at the end of the superfusion period. The 
arrow indicates the time of addition of PCPE or PE (final concentration, 10— m). Each curve is the mean of 3 
experiments run in triplicate, and PCPE and PE were tested simultaneously, in parallel superfusion chambers. 
(a) Hypothalamus, ?H-noradrenaline release; (b) corpus striatum, 7H-dopamine release, (c) corpus striatum, °H- 


5-hydroxytryptamine release, @, control; O, PCPE; O, PE. 


following injection of PCPA or PCPE, it is necessary 
to do experiments in conjunction with a monoamine 
oxidase (MAO) inhibitor. 

G.B.B. is a Fellow of the Canadian MRC. 
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Modification by oestrogen of the effects 
of (D)-amphetamine sulphate on 
noradrenaline metabolism in discrete 
areas of rat brain 


JOAN M. FLUDDER & SALLY R. TONGE 
(introduced by B.E. LEONARD) 


School of Pharmacy, Liverpool Polytechnic, Byrom 
Street, Liverpool L3 3AF, England 


The changes in brain monoamine concentrations 
which accompany hormonal changes in female 


animals may be partially explained as direct effects of 
ovarian steroids on central monoamine metabolism 
(Greengrass & Tonge, 1974). Fludder & Tonge (1975) 
have shown changes in monoamine concentrations in 
eight areas of rat brain during the oestrous cycle 
which were expected to affect both behaviour and the 
effects of psychotropic drugs. The effects of 
endogenous oestrogen, of ethinyloestradiol, and of 
(+)-amphetamine sulphate in the eight areas 
previously described have now been examined in 
female rats at the four stages of the oestrous cycle and 
in litter-mates ovariectomized six weeks prior to use. 
To some extent, the effects seen were dependent upon 


Table 1 Effects of oestrogens and amphetamine on catecholamine concentrations in rat braln 


Dopamine Noradrenaline Normetanephrine 
(nmol/g +s.e. (nmol/g + 5.8. (nmol/g + s.e. 
mean} cf, mean} cf. mean} cf. 

Dicestrus (DI., minimal oestrogen secretion) 
amygdala 0.60+0.10 2.64 + 0.02 0.64 + 0.09 
midbrain 2.52 +0.10 2.86 + 0.02 3.52 +0.09 
Di. + Amphetamine (A, 10 mg/kg, Lp., cf. D1.) 
amygdala 1.12+0.09 (+) 1.48 +0.01 (—) 2.04 + 0.09 (+) 
midbrain 3.10 +0.14 (+) 1.36 + 0.02 (—) 5.28 +0.02 (+) 
Di. + ethinyloestradiol (EO, 100 ug/kg, s.c., cf. Di.) 
amygdala 0.64 + 0.05 {0) 2.67 +0.07 (0) 0.65 +0.08 {0) 
midbrain 3.23 } 0.03 (+) 4.5840.15 (+) 3.80 +0.11 {O) 
Oestrus (Oe., maximal oestrogen secretion, cf. Di.) 
amygdala 2.80+0.01 (+) 1.47 +0.05 (—) 2.23+0,16 (+) 
midbrain 1.76+0.07 (—} 2.33 +0.10 (—) 4.35+0.20 (+) 
Os. + A (cf. Oe.) 
amygdala 0.38 + 0.01 (—) 1.57 +0.04 (0) 2.06 +0.09 (0) 
midbrain 1.53 +0.03 (0) 2.05+0.01 (0) 3.25 +0.23 (—) 
Ovariectomized (Ov., 6 weeks prior to use, cf. Di. Itter-mates) 
amygdala 1.61+0.16 {+} 3.30 40.28 (+) 7.31 +0.50 (+) 
midbrain 2.94 +0.36 {0} 0.63 + 0.08 {+) 2.77 +0.01 (—) 
Ov. + EO (cf. Ov.) 
amygdala 1.03 +0.24 (—) 1.78+0.18 (—) 0.61 +0.06 (—) 
midbrain 3.45+0.48 (0) 0.86 +0.12 (+) 2.51 +0.01 (0) 
Ov. +A (cf. Ov.) 
amygdala 2.47 +0.47 (+) 3.38+0.15 (0) 8.10 +0.33 (0) 
midbrain 2.92 +0.05 (0) 0.45 +0.01 {0} 2.52 +0.10 {0) 
Ov. + EO +A (cf. Ov.) 
amygdala 2.39+0.47 (+) 3.09 +0.19 {+) 0.81+0.01 (—) 
midbrain 4.36+0.51 (+) 7.00 +0.35 (+) 2.01 +0.05 {—) 
Ov. + EO + A (cf. Ov + EQ) 
amygdala (+) (+) (+) 
midbrain (+) (+) (—) 
Ov. + EO +A (cf. Ov. + A) 
amygdala (0) (0) {—) 
midbrain (+) (+) (—) 


Only statistically significant changes (P < 0.05, Student's t test) are shown as increases (+) or decreases (—) in 
the ‘cf.’ columns. There were at least 5 rats per group. 


- 
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the relative preponderance of noradrenaline (NA) 
terminals or of NA axons/bodies in each brain area, 
suggesting that NA metabolism cannot be treated as a 
single, homogenous system in the CNS; the amygdala 
region is an example of an area in which terminals 
predominate, and the midbrain region of an area in 
which axons/bodies predominate. The effects of 
oestrogens and amphetamine are shown in Table 1. 

NA depletion after synthesis blockade with a- 
methyl-p-tyrosine (500 mg/kg, ip.) was slower in 
ovariectomized than in dioestrous litter-mates, 
including a reduced NA turnover rate; depletion was 
accelerated by ethinyloestradiol. NA depletion after 
4,a-dimethyl-mm-tyramine (2 x 12.5 mg/kg, i.p.), which 
reflects changes in NA neuronal uptake mechanisms, 
was antagonized in the amygdala, but not in the 
midbrain, regions by ethinyloestradiol. 

It is suggested that both amphetamine and 
oestrogens release mnewly-synthesized NA, 
amphetamine by its well-established action of 
stimulating release from catecholamine terminals, 
whilst inhibiting impulse flow (Graham & Aghajanian, 
1971) and oestrogens by stimulating total turnover of 


L-Dopa and (—)-deprenil in the 
treatment of Parkinson’s disease: 
a long-term study 


L. AMBROZI, W. BIRKMAYER, 
P. RIEDERER & M.B.H. YOUDIM 


Ludwig Boltzmann Neurochemistry Institute, A-1130 
Vienna-Lainz, Austria, and MRC Clinical Pharmacology 
Unit, Radcliffe Infirmary, Oxford OX2 GHE, UK 


L-Dopa plus a peripheral decarboxylase inhibitor has 
been used with some success in the treatment of 
Parkinson’s Disease (Birkmayer, Linauer, Mentasti & 
Riederer, 1974). However, therapeutic success 
decreases as the illness progresses and various side 
effects, e.g. on-off effect, occur with this form of 
treatment. 

In a recent study on Parkinsonian patients we 
demonstrated that deprenil (a selective inhibitor of 
monoamine oxidase (MAO) ‘type B’) can significantly 
potentiate the anti-akinetic effect of L-dopa in akinetic 
patients (Brikmayer, Riederer, Youdim & Linauer, 
1975). Furthermore, the addition of deprenil results in 
a daily reduction of daily dose requirements of 
Madopar (L-dopa and the peripheral decarboxylase 
inhibitor of Benseracide (N-', DL-seryl-N-?, (2, 3, 4-tri- 
hydroxybenzyl) hydrazine)). The aim of this study has 
been to examine the long-term effects of Madopar plus 
deprenil treatment in Parkinsonian patients. 


NA. Endogenous ovarian steroids appear to be 
necessary for the maintenance of ‘normal’ NA 
turnover rates; in their absence, or when oestrogen 
levels are high (at oestrus) so that maximal NA release 
is already occurring, amphetamine cannot show its 
expected effects. 


References 


FLUDDER, J.M. & TONGE, S.R. (1975). Variations in the 
concentrations of monoamines and their metabolites in 
eight regions of rat brain during the oestrous cycle: a 
basis for interactions between hormones and 
psychotropic drugs. J. Pharm. Pharmac., 27 Suppl., 39. 

GRAHAM, A. & AGHAJANIAN, G.K. (1971). Effects of 
amphetamine on single cell activity in a catecholamine 
nucleus, the locus coeruleus. Nature (Lond.), 234, 
100—103. 

GREENGRASS, P.M. & TONGE, S.R. (1974). Suggestions on 
the pharmacological actions of ethinyloestradiol and 
progesterone on the control of monoamine metabolism in 
three regions from the brains of gonadectomized male 
and female mice, and the possible clinical significance. 
Arch, int. pharmacodyn., 241, 291~303. 


Two hundred and twenty-three patients have been 
treated with Madopar plus deprenil since October 
1974. The average oral dose of Madopar was 250 mg 
three times daily, and of deprenil 5—10 mg once daily. 
In a few patients 50mg of L-dopa and 10 mg of 
deprenil were administered intravenously; in these 
patients intravenous therapy was more effective than 
oral therapy but side effects occurred more often and 
to a greater extent and this mode of treatment was 
therefore discontinued. As shown in Table 1 the 
addition of deprenil to Madopar therapy resulted in a 
statistically significant reduction in patients’ functional 
disability (Birkmayer & Neumayer, 1972). Of the 223 
patients, abnormal involuntary movements occurred 
in 16, psychosis in 14, orthostatic hypotension in 5 
and nausea in eight. In patients with side-effects 
deprenil treatment was either terminated or reduced to 
5:mg resulting in the disappearance of some of the side- 
effects. Madopar-deprenil therapy produced no 
response in 13.9% of patients. 

The improvement in disability following deprenil 
therapy occurred within 20-120 min after a single 
dose and lasted for one to three days. Thus, deprenil 
may act not only by inhibiting MAO but also as a 
psycho-stimulant by releasing dopamine in a fashion 
similar to amphetamine (Knoll, Ecseri, Kelemen, 
Nievel & Knoll, 1965; Fuxe & Ungerstedt, 1970; 
Christmas, Coulson, Maxwell & Riddell, 1972). 

This study has shown that the addition of deprenil 
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Table 1 
patients. 





Duration of 


Improvement of the disability after Madopar and Madopar plus (—)-deprenil treatment in Parkinsonian 


Percentage disability 





disease (yrs) No. Age (yrs) Before therapy After Madoper After Madopar + 

{—)-deprenil 

0—6 115 68.5 +0.8 54.341.5 P<0.001 36.5+1.4 P<0.001 25.34 1.3 
(558, 
609) 

7-15 108 69.4+0.7 60.14+1.3 P<0.001 37.2414 P<0.01 28.44+1.4 
(80g, 
480) 


Results are stated as mean + s.e. mean. 


to Madopar therapy results in an improvement of 
disability independent of the duration of the illness 
(Table 1) and suggests that the inclusion of deprenil 
leads to a better utilization of synthesized dopamine 
from L-dopa. 
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Autoradiographic evidence for the 
effects of specific uptake-inhibitors 
on the selective accumulation of 
[7H]-5-HT by supra-ependymal nerve 
terminals and for the localization 

of binding sites for [7H]-DLSD 


J.G. RICHARDS 


Pharmaceutical Research Department, F. Hoffmann-La 
Roche & Co., Ltd., Basie, Switzerland 


It can be shown, by light microscopic 
autoradiography, that intraventricular injection of 
tritium-labelled 5-hydroxytryptamine ([H]-5-HT; 
70 uM) leads to its accumulation not only in the brain 


parenchyma in the rat but also on the ependymal 
surface of some regions, e.g. corpus callosum, nucleus 
caudatus and cranial floor of the fourth ventricle; 
electron microscopy of these regions reveals that the 
radiolabel is localized to supra-ependymal nerve 
terminals. The ependymal surface of regions which are 
known to lack these nerve terminals, e.g. hypothalamus 
ventralis anterior, eminentia mediana and roof (velum 
medullare) of the fourth ventricle, was free of label. 
Intraventricular administration of both [7H]-dopamine 
(DA; 350 uM) and [*H]-noradrenaline (85 uM) led to 
their accumulation in the parenchyma but not above 
the ependyma in all brain regions investigated, ie. 
supra-ependymal nerve terminals were not labelled. 
Chlorimipramine and reserpine, which block 
neuronal uptake and storage respectively in 


~ 
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tryptaminergic nerves, prevented the accumulation of 
(7H]-5-HT in supra-ependymal nerve terminals. 
However, desipramine, a known catecholamine- 
uptake blocker, had no effect on this accumulation. 

The demonstration of a specific uptake mechanism 
for 5-HT in supra-ependymal nerve terminals confirms 
the tryptaminergic nature of these nerves (Richards, 
Lorez & Tranzer, 1973; Lorez & Richards, 1973; 
Richards & Tranzer, 1974; Lorez & Richards, 1975). 
The physiological significance of this uptake 
mechanism is likely to be the removal of the amine 
from the vicinity of the effector organ (periventricular 
target cell) in order to terminate the possible 
neurotransmitter action of 5-HT. The presence of 
5-HT in CSF (Holman & Vogt, 1972), probably 
secreted in part by supra-ependymal nerve terminals, 
suggests that there may be specific receptors and a 
physiological role for this amine in periventricular 
brain regions. This may also be true of the human 
brain since supra-ependymal nerve terminals have 
recently been observed in the lateral and fourth 
ventricles of human postmortem tissue by electron 
microscopy; it might be expected that these nerves 
also store and accumulate 5-HT although this has to 
be demonstrated. 

Since the hallucinogenic drug DLSD is known to 
have a high affinity for 5-HT (Bennett & Snyder, 
1975) and DA (Creese, Burt & Snyder, 1976) 
receptors, the localization of binding sites for [PH]- 
DLSD was studied by autoradiography in order to 
identify 5-HT receptors in periventricular brain 
regions (presuming the absence of DA receptors in 
these regions). The results indicate that, 1 h after in- 
traventricular administration of 350 uM [*H]-pLSD, a 
significant binding of LSD could be observed in the 
ependymal and subependymal zone of several 


5-HT and LSD high affinity binding sites 
to brain synaptosomal membranes 


G. FILLION, M.P. FILLION, J. JACOB 
& J.C. ROUSSELLE 


Department of Pharmacology, Pasteur Institute, Paris, 
France 


5-HT and LSD binding have been studied, using 
purified synaptosomal membranes isolated from 
different regions of bovine brain by a density gradient 
centrifugation technique or in some experiments a 
lysed P, fraction isolated either from bovine or from 
rat brains. 

Membranes were incubated at various temperatures 


periventricular brain regions. However, the label did 
not seem to be selectively bound to any particular 
structure. Experiments are now in progress to test the 
ability of DLSD and 2-bromo-LSD, but not LLSD, to 
displace the [7H]-DLSD visualized by autoradio- 
graphy and thereby identify specifically bound label 
and possibly the target sites for the 5-HT. 
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(generally 22°C or for different purposes 0°C) in Tris- 
HCI! buffer 50 mM pH 7.4 using tritiated ligands ([7H]- 
5-HT 17 Ci/mM, (?7H]-LSD 22 Ci/mM). Separation of 
bound and free radioactivity was performed using an 
ultra-filtration technique (Whatman GFB glass fibre 
filter) under vacuum. The filter was rinsed with 10 ml 
of Tris-HCI buffer 0°C and the radioactivity trapped 
onto the filter was counted by liquid scintillation using 
Triton X 100 with a Toluene PPO-POPOP mixture. 
Previously we described a saturable, reversible, high 
affinity binding for 5-HT, specific for tryptamines and 
related structures (Fillion, Fillion, Spinakis, Bahers & 
Jacob, 1976). Here, parallel studies for 5-HT and LSD 
bindings show that LSD binding corresponds to a 
saturable reversible high affinity site with a cor- 
responding dissociation constant similar to that of 5- 
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HT (Kp = 2x 10-%M) and a second, saturable and 
reversible site of less affinity with a corresponding Kp 
close to 2 to 3 x 10-8M. Various plotting systems of the 
binding curve indicate for the second site a positive 
cooperativity, the Hill coefficient being 3.7. 
Dissociation rates are quite high for both ligands, 
however it is much higher for 5-HT than for LSD; both 
are temperature-dependent with a respective Q,, close 
to 2.5 and 3. Regional distributions of binding 
capacities for LSD and 5-HT are very similar. They are 
not homogenous within the brain but vary according to 
the studied region, e.g. in decreasing order: striatum, 
hippocampus, cortex, raphe, cerebellum. 

Specific lesions of the tryptaminergic system have 
been performed by stereotaxic injections of 5—6 
dihydroxytryptamine within raphe and anterior 
ventricles; their efficacy has been controlled by 
inhibition of the uptake of 5-HT. In these conditions, 
lesions do not modify significantly binding of one or 
the other ligand; this might indicate a postsynaptic 
location of the corresponding site. 


Catecholamine-stimulated 
prostaglandin synthesis in rat brain 
synaptosomes 


K. HILLIER, P.J. ROBERTS & 
P.M. WOOLLARD 


Department of Physiology and Biochemistry and 
Department of Clinical Pharmacology, University of 
Southampton SO9 3TU 


Although prostaglandins (PGs) have been shown to 
be synthesized in brain homogenates from a number 
of species, little information is available concerning the 


Comparative assays of the specificity of the high 
affinity sites for 5-HT and LSD indicate they are 
related to the tryptaminergic structure but some 
differences are observed, i.e. bromlysergamide and 
cyproheptadine are more efficient in displacing LSD 
than 5-HT (respective ID,,s are 3x10-'mM and 
6 x 107™ for LSD, 1.5 x 10~® and 6 x 10~° for 5-HT). 

Detailed studies of interactions between 5-HT and 
LSD on these high affinity sites and preliminary 
assays involving various pretreatments of the 
membranes might indicate that the different sites 
observed correspond to an agonist and an antagonist 
conformation of the same 5-HT receptor-site. 
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subcellular distribution and activity of the relevant 
enzymes (Raffel, Clarenbach, Peskar & Hertting, 
1976). It has been suggested that PGE, may function 
as a modulator of synaptic transmission in the 
periphery, where prostaglandin inhibits noradrenaline 
(NA) release from sympathetic structures (Hedqvist, 
1976); it was therefore of interest to find a facilitation 
of [3H]-NA release from rat brain synaptosomes in the 
presence of low concentrations of PGE, (Roberts & 
Hillier, 1976). 

Since the signal for PG release in the peripheral 
sympathetic system is considered to be associated 
with the postsynaptic actions of noradrenaline, in this 
study we have investigated the effects of several 


Table 1 Stimulation of PGE synthesis in rat brain synaptosomes 
Control Treated % 

Treatment {ng PGE} {ng PGE} stimulation 
Noradrenaline 100 um (8) 2.41 +0.37 6.3 +0.84* 161 
Dopamine 100 pm (6} 2.52 +0.37 5.14 0.82tł 103 
Adrenaline 100 pM (3) 1.93 +0.14 4.7 +0.44* 143 
Acetylcholine 100 uM 

+physostigmine 10 um (2) 2.1 2.2 a 
6~-HT 100 um (2) 2.1 1.65 — 
Kt 50 mM (5) 1.94+0.28 1.72+0.18 — 


Results are expressed as means + 3.6. with the number of experiments in parentheses. Levels of significance 
refer to differences from the results of the control group. 


* P<0.01; t P <0.02, 
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neurotransmitter candidates on the PG synthesizing 
ability of synaptosomes. 


Twenty per cent (w/v) homogenates of rat brain. 


tissue (excluding cerebellum) were prepared in 0.32 M 
sucrose, and crude synaptosomes (P, fraction) 
prepared as described by Whittaker (1969). An 
aliquot (200 pl) of the synaptosome suspension 
(containing approx. 4 mg protein) was added to 1.3 ml 
Krebs bicarbonate medium (pH 7.4) containing 
ascorbic acid (1 mg/ml), isoniazid (10 uM) and, where 
appropriate, the substance under investigation 
(Table 1). Synaptosomes were incubated for 5 min at 
37°C under 95% O,:5% CO, followed by rapid 
centrifugation. To each supernatant was added 
marker amounts (2—5 pg) of [HI-PGE, or [PH]- 
PGF, and the PG’s released into the incubation 
media assayed, using a modification of the method of 
Hillier & Dilley (1974). Briefly, this involves selective 
extraction, column chromatography separation of 
PGE and PGF groups and radioimmunoassay using 
antibodies with relatively good selectivity for the PG’s 
under investigation. 

The results show that 100 uM amounts of NA, 
dopamine and adrenaline signficantly stimulate the 
generation of PGE by synaptosomal tissue. In another 
experiment NA also significantly stimulated PGF 
synthesis. 

The effect is selective as acetylcholine, 5-HT and 
K+ depolarization were without a stimulatory effect in 
this system. 

We conclude that (a) contrary to the findings of 


Ontogenesis of muscarinic receptor 
sites in rat brain 


C.R. HILEY 


Department of Pharmacology and Therapeutics, 
University of Liverpool, Liverpool L69 3BX 


Cholinergic neurotransmission in the central nervous 
system does not appear to be fully functional until the 
second week of life. Thus rats do not respond to 
injections of scopolamine with changes in locomotor 
activity until after the 15th day of life (Campbell, Lytle 
& Fibiger, 1969) and whilst scopolamine has a 
synergistic effect on amphetamine-induced gnawing in 
30-day-old rats, this synergism could not be seen in 
10-day-old rats (McGeer, Fibiger & Wickson, 1971). 
Both acetylcholinesterase and choline acetyl- 
transferase (ChAc) are present in the rat neostriatum 
4 days after birth although ChAc activity is very low 
(McGeer et al, 1971; Guyenet, Beaujouan & 
Glowinski, 1975). However, it is possible that the lack 
of response to scopolamine indicates the absence 


Raffel et al. (1976) noradrenaline and dopamine do 
stimulate prostaglandin formation in rat brain syn- 
aptosomes, (b) this strengthens the link for PGEs 
exerting a positive feedback on NA release on central 
nerve terminals as described by Roberts & Hillier 
(1976). 


We thank Dr J. Pike, The Upjohn Co. for the gift of pro- 
staglandins. 
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of the muscarinic cholinoceptor on the post- 
synaptic neuron rather than the immaturity of the 
presynaptic pathway. This possibility has been 
examined by studying the binding of (*H]-atropine to 
homogenates of neonatal rat cerebral cortex and 
caudate nucleus. 

Homogenates of cerebral cortex and caudate 
nucleus in Krebs-Henseleit solution were pre- 
incubated for 15 min at 37°C before the addition of 
[3H]-atropine (Radiochemical Centre, Amersham; 
245mCi mmol’). After a further 15 min the 
incubation was terminated by centrifugation at 
14,000 g for 30 seconds. The surface of the pellet was 
rinsed twice with Krebs-Henseleit solution and 
radioactivity in the pellet was determined by liquid 
scintillation counting. Two series of samples were 
incubated together and one of these series contained 
10 uM propylbenzilylcholine, a potent antimuscarinic 
compound, throughout the experiment. Receptor- 
specific binding of [*H]-atropine was taken to be that 
fraction of binding which was abolished by the 
presence of the propylbenzilylcholine. 
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Receptor-specific binding of [H]-atropine was 
present in both the caudate nucleus and cerebral 
cortex of 5-day-old rats in concentrations which were 
20-30% of the adult values. The concentrations 
increased with age and by 16 days had reached 
approximately 60% of the adult concentrations of 
receptor sites which were attained by the fifth week of 
life. Throughout, the caudate nucleus contained a 
higher concentration of receptor sites than the cerebral 
cortex. 

These results indicate that the lack of response to 
scopolamine in young rats is not a consequence of the 
absence of the muscarinic cholinergic receptor though 
it is possible that the receptor is not functionally 
connected to the processes which are responsible for 
mediating the changes in neuronal activity produced 
by cholinergic agents. 


Analysis of end-plate current 
fiuctuations produced by acetylcholine 
and acetylmonoethylcholine 

in rat muscle 


D. COLQUHOUN 


Department of Pharmacology, St. George's Hospital 
Medical School, Blackshaw Road, London SW1 7 O0QT 


The characteristics of the ion channels that are opened 
by agonists in the frog muscle end-plate have been 
studied by analysis of the fluctuations about the mean 
end-plate voltage, or current, produced by the drugs 
(Katz & Miledi, 1972; Anderson & Stevens, 1973; 
Colquhoun, Dionne, Steinbach & Stevens, 1975). 
Similar experiments have now been conducted on rat 
diaphragm muscle fibres (Sakmann, 1976). 

Strips of rat diaphragm were bathed in Krebs’ 
solution containing tetrodotoxin (300 nM), at 
temperatures between 13° and 25°C. End-plate 
currents were recorded by a voltage clamp method. 
Analysis of current fluctuations was carried out on 
10 s samples, filtered below 0.5 Hz and above 500 Hz. 
Digital samples were taken at | ms intervals. Agonists 
were applied by perfusion from a wide tipped micro- 
pipette (Cooke & Quastel, 1973) so as to produce end- 
plate currents of 10—90 nA. 

-The decay of spontaneous miniature end-plate 
currents (MEPC) showed no consistent deviation from 
a single exponential; and, equivalently, spectral 
density curves for both acetylcholine (ACh), and for 
acetylmonoethylcholine (AMECh) showed only slight 
deviation from a single Lorentzian form, so a single 


I am indebted to Caroline Middleton for skilful technical 
assistance, 
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time constant could be inferred. The time constants for 
both MEPC decay (TMgepc) and for current 
fluctuations (7acn Or TaMmech) decreased with 
temperature (Q,,=3.26+0.63), and increased as the 
membrane was hyperpolarized (109+ 7 mV for an e- 
fold change in 7). These values are similar to those for 
frog muscle. 

At 20°C, and —80 mV membrane potential, TMEPC 
was 1.6ms. This appeared to be slightly (20-50%) 
slower than Tacn, though the size of the discrepancy 
depended on the method of curve fitting used for 
spectra. The simplest, but not the only, explanation for 
such a discrepancy would be that the acetylcholine 
concentration in the synaptic cleft did not fall rapidly 
compared with the lifetime of an open channel. 

The ratio Tamech/Tacn was 0.56+0.05 (15); this 
can be interpreted as meaning that the average lifetime 
of an open ion channel, when the channel is opened by 
AMECh, is about 56% of its mean lifetime when 
opened by ACh. This ratio is similar to the ratio of 
decay time constants for normal (ACh) and ‘false’ 
(AMECh) MEPCs observed by Large & Rang (1976). 

The mean conductance (y) of a single open ion 
channel, may, under certain assumptions, be inferred 
from the variance of current fluctuations. No evidence 
was found for a difference in conductance between 
channels opened by ACh and AMECh; the values 
were YACh = 24.9+ 1.2 pS (n= 36) (very similar to the 
value reported for frog muscle by Colquhoun et al., 
1975), and YAMECh = 26.7 + 1.4 pS (n= 16). 


I am indebted to Dr Colin Mercer, Institute of Sound and 
Vibration Research, Southampton University, for data 
analysis facilities. 
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Pharmacological agents and acute 
experimental hyperlactataemia in 
the dog 


A.L. LOUBATIERES, G. RIBES & 
G. VALETTE 


Laboratory of Pharmacology and Pharmacodynamics, 
Faculty of Medicine of Montpellier, France 


Experimental hyperlactataemia was produced in dogs 
anaesthetized with pentobarbital 30 mg/kg i.v.: (a) by 
administration of high doses of biguanides 
(phenformin 30 mg/kg intraduodenally, metformin 
150 mg/kg intraduodenally) (Loubatiéres, Ribes & 
Blayac, 1973); (b) by bilateral repeated and prolonged 
electrical stimulation of the sciatic nerves 
(unidirectional and rectangular pulses of 10V, 5 ms 
and 60Hz) producing repeated and prolonged 
contractions (60 min) of the gastrocnemius and soleus 
groups of muscles; (c) by hypoxia following closed 
circuit inhalation of a mixture of oxygen (9%) and 
nitrogen (91%) and (d) by continuous i.v. injection of 
adrenaline (1.5 ug kg—! min-'). 

An autoanalyser was used to make continuous 
measurement of blood sugar in haemolysed blood with 
potassium ferricyanide and plasma lactate with an 
enzymatic method (Hohorst, 1963; Minaire, Studievic 
& Foucherand, 1965). Blood lactate and pyruvate 
were estimated in fractioned samples by the enzymatic 
method described by Czok & Lamprecht (1970) and 
blood pH was measured with a KCI electrode. 

Insulin, when administered i.v. (0.085 u kg~! h-t) or 
produced endogenously by i.v. injection of the 
hypoglycaemic sulfonamide, glibenclamide 
(0.05 mg/kg) (Loubatieres & Mariani, 1967) 
prevented, delayed or reduced the hyperlactataemia, 
hyperpyruvicaemia and acidosis which normally 
followed the administration of biguanides 
(Loubatiéres, Ribes & Blayac, 1973). Co-carboxylase 
(5 mg kg h-i) produced the same effect (Valette, 
Ribes, Rondot, Loubatiéres-Mariani & Loubatiéres, 
1975). 


28 


The administration of sodium dichloroacetate 
(30mg kg~'h-') produced a reduction in the 
hyperlactataemia produced by phenformin (from 
50.64+10.2mg/100ml to 14.3+2.8 mg/100 ml, 
n=13}), by intense muscular work (from 
42.3 + 10.3 mg/100 ml to 9.0+ 1.5 mg/100 ml, n= 3), 
or by adrenaline (from 61.3413 mg/100ml to 
2942.3 mg/100 ml, n=3). On the other hand, 
dichloroacetate did not reduce the hyperlactataemia 
produced by hypoxia (from 84.7 + 12.1 mg/100 ml to 
100.8 + 8.7 ml, n= 3). These measurements of lactate 
were made in total blood. 

Dichloroacetate slightly reduced the increase in 
lactataemia which can be observed in the dog 
presenting a permanent diabetes following the 
injection of alloxan (50 mg/kg i.v.). Glycaemia was 
not notably modified. 

The therapeutic implications of these observations 
are under study. 
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Long-term effects of propranolol on 
tyrosine hydroxylase and dopamine- 
p-hydroxylase in the superior cervical 
ganglia of the rabbit 


LW. CHUBB & A.E.G. RAINE 
(introduced by E.M. VAUGHAN WILLIAMS) 


University Department of Pharmacology, South Parks 
Road, Oxford 


The beta-adrenoceptor antagonist propranolol is well- 
established as an effective antihypertensive in man, 
but the mechanism of its hypotensive action has not 
been fully explained. Experimental studies have 
established that the immediate effects of propranolol 
treatment include a reduction in cardiac output and in 
plasma renin activity. However, this cannot explain 
the therapeutic effect since the hypotensive action of 
propranolol is delayed in onset (Prichard & Gillam, 
1969). The present study was designed to test the 
hypothesis that chronic propranolol treatment causes 
a slow-onset reduction in sympathetic nervous system 
activity. One reflection of changes in the activity of 
sympathetic neurons is now considered to be the con- 
centration of tyrosine hydroxylase and dopamine-A- 
hydroxylase contained within the cells (Thoenen, 
1972). We have estimated the amount of these two 
enzymes in the superior cervical ganglia of rabbits 
after different lengths of treatment with propranolol. 

Eighteen rabbits weighing 2—3 kg were injected 
subcutaneously twice daily with either saline (controls, 
1 mg/kg of a 0.9% w/v NaCl solution, n= 6) or (+) 
propranolol (4 mg/kg for 3 days, n= 4; 6 days, n==4 or 
12 days, n=4). Fifteen hours after cessation of 
treatment the left and right superior cervical ganglia 
were removed and homogenized separately in 1 ml of 
0.3M sucrose. Tyrosine hydroxylase activity was 
determined using the method of Levitt, Gibb, Daly, 
Lipton & Udenfriend (1967) and dopamine-f- 
hydroxylase (DBH) activity by that of Molinoff, 
Weinshilboum & Axelrod (1971). The results are 
summarized in Table 1. 


Prolonged f-adrenoceptor blockade with pro- 
pranolol induced a gradual reduction in activity of 
tyrosine hydroxylase. A delayed fall in DBH activity 
followed, highly significant after 12 days of treatment. 
These results can be interpreted as indicating a 
decreased activity of the sympathetic nervous system 
in response to this drug treatment. This suggestion is 
supported by the observations of Lewis & Hausler 
(1975) that propranolol infusion decreases pre- 
ganglionic sympathetic activity. 

Tyrosine hydroxylase is the rate-limiting enzyme in 
the biosynthesis of noradrenaline (Levitt et al., 1965), 
and DBH activity has been used as an estimate of the 
size of the noradrenergic vesicle pool (De Potter & 
Chubb, 1971). Therefore, it is suggested that the 
gradual decrease in the concentration of these two 
enzymes indicates a decreased release of nor- 
adrenaline in response to chronic f-adrenoceptor 
blockade. This could explain the gradual decrease in 
blood pressure which is a well-established effect of 
treatment with propranolol. 
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ee 1 Tyrosine hydroxylase and dopamine -hydroxylase (DBH) activities of rabbit superior cervical ganglia 
SCG tyrosine 
hydroxylase SCG DBH 
activity activity 
(nmol 15 min mg [nmol h mg 
protein) protein-"} 
Controls (n= 12) 1.74 +0.12 185+ 5 
Propranolol 4 mg/kg. bd. 3 days (n= 8) 1.62+0.14 196+ 7 
Propranolol 6 days (n= 8) 1.29+0.11t 152 + 10* 
Propranolol! 12 days (n= 8) 1.3440.10* 139+ 8 


* P<0.05; t P<0.02; f P <0.001. 
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Action of cytochrome C on 
transmembrane potentials of normal or 
hypoxic guinea-pig myocardial strips 


M.C. AUCLAIR, P. JOURDON, 
P. LECHAT & M. LEMEIGNAN 


institut de Pharmacologie, LA. 206 CN.R.S., 21, rue de 
l'Ecole de Médecine, 75006 Paris, France 


It has been previously reported that cytochrome C 
modified the cardiac membrane effects produced by 
hypoxia (Lechat, Auclair, Dechezleprétre & 
Lemeignan, 1975). The mechanisms involved were 
investigated on isolated stimulated (1 Hz) right 
ventricle strips of guinea-pig heart. The strips were 
placed in Tyrode solution saturated with either 95% 
O, and 5% CO, (normal strips) or 95% N, and 5% 
CO, (hypoxic strips). Action potentials (A.P.) were 
recorded using microelectrodes and contractions using 
a transducer. 

In normal strips cytochrome C (1 ug/ml) did not 
modify either the A.P. or the contraction [number of 
experiments (n)= 35]. In hypoxic strips cytochrome C 
did not modify the resting potentials. The plateau 
phase and the A.P. duration decreased under hypoxic 
conditions (n= 30). Addition of cytochrome C again 
increased them (m= 20), but the contraction which 
had also decreased under hypoxic conditions was not 
restored. After blocking the sodium-calcium channel 
by MnCl, (10 mM), the action of hypoxia became 
more rapid (n= 8), but cytochrome C failed to induce 
the previous effects (1=8). In K+ and Ca?t rich 
Tyrode solution (K+x10; Ca*+x4) with an 
equimolar reduction in Nat, the rapid sodium channel 


was blocked and slow A.P. could be induced by 
stimulation, which disappeared under hypoxic 
conditions. Addition of cytochrome C delayed their 
disappearance (75 min instead of 35 min) but did not 
increase the amplitude and duration of the slow A.P. 
These results showed that cytochrome C did not 
modify the rapid sodium movements, but was acting 
by interfering with the calcium-sodium movements. 
However, a direct activation of the slow calcium- 
sodium current, isoprenaline-like, is probably not 
involved since cytochrome C did not modify the slow 
A.P. configuration. In order to see if, in cytochrome C 
effects, an eventual modification of Kt movements 
was implied, the action of tetraethylammonium (TEA) 
was studied in similar conditions. As with cytochrome 
C, TEA again increased the A.P. duration which had 
decreased under hypoxia, as well as the plateau phase. 
Contrary to cytochrome C, TEA lengthened the A.P. 
repolarization of normal strips (n=6) did not 
maintain the slow A.P. and restored the contraction 
which had decreased under hypoxic conditions (n= 6). 
Cytochrome C could maintain, in hypoxia, the slow 
inward calcium-sodium movements of the guinea-pig 
myocardial membrane, being however unable to 
restore contraction. The mechanism of this action 
could be at least partly related to a change in Kt 
movements, without excluding other pathways. 
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Analysis of the effects of isoxsuprine on 
guinea-pig atria and trachea 
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Isoxsuprine is a smooth muscle relaxant used in the 
treatment of cerebral and peripheral vascular 
disorders and in premature labour. Initial studies 
suggested that it possessed -adrenoceptor stimulant 
effects, a direct papaverine-like action and a- 
adrenoceptor blocking activity on various smooth 
muscle preparations (Lish, Dungan & Peters, 1960). 
In the present study, the effects of isoxsuprine on the 
guinea-pig trachea (Coleman & Farmer, 1971) and 


spontaneously beating paired guinea-pig atria have 
been examined. 

On the trachea, isoxsuprine (0.03—3.0 ug/ml) added 
cumulatively, caused a dose-dependent relaxation 
(ED,.=0.12 + 0.03 pg/ml; m=12). Isoxsuprine was 
120 times less potent than isoprenaline and gave a 
similar maximal response. The response was inhibited 
by propranolol (10 ng/ml, dose ratio= 1136 +282: 
n=8). This marked inhibition of isoxsuprine was 
greater than that observed with standard £- 
adrenoceptor stimulants. For example, the dose-ratio 
obtained with salbutamol was 12.3+4.1 (m=4). 
Cocaine (10 pg/ml) had no effect on responses to 
isoxsuprine. The response to a submaximal dose of 
isoxsuprine (1 pg/ml) was not subject to tachyphylaxis 
on repeated administration. The effects of larger doses 
of isoxsuprine, however, were not repeatable. For 
example isoxsuprine (10 pg/ml) given as a single dose. 
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only caused 69.1+6.2% relaxation (n= 6). A further 
relaxation could not be obtained by increasing the dose 
of isoxsuprine into the range 20—80 ug/ml, but instead 
a contraction was obtained. Doses of isoxsuprine 
greater than 80 ug/ml, however, did relax the prepara- 
tion. In the presence of isoxsuprine (10 ug/ml) the 
sensitivity of the trachea to isoprenaline was reduced. 

On spontaneously beating atria (bathed in 
McEwens solution at 37°C) isoxsuprine (0.1—-10 pg/ml) 
increased both the rate and force of contraction. The 
peak change in rate was only 45.7+ 6.8% (n=4) of 
that achieved with isoprenaline. Responses to 
isoxsuprine (10 pg/ml) were completely abolished by 
propranolol (10 ng/ml, n= 4), but were not affected by 
cocaine (3 pg/ml, n=4). The sensitivity of the atria to 
isoprenaline was reduced after the application of 
isoxsuprine. Decreases in the rate and force of 
contraction were often obtained with large doses of 
isoxsuprine (>10ug/ml), particularly when 
administered in the presence of propranolol. 

It is concluded that responses of the guinea-pig atria 
and trachea to low concentrations of isoxsuprine (up 
to 10 ug/ml) are mediated by f-adrenoceptors. The 


results suggested that isoxsuprine had partial agonist 
properties on both preparations. Despite structural 
similarities to tyramine and other indirectly-acting 
sympathomimetics, the effects of isoxsuprine did not 
include an indirect sympathomimetic component. 
There was evidence that at high concentrations 
isoxsuprine possessed non-specific depressant activity. 
The pharmacological profile of isoxsuprine on these 
tissues is very similar to that described for the 
structural analogue, oxyfedrine (Sakai, Shiraki & 
Hashimoto, 1973). 
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Altered reactivity of stomach fundus 
smooth muscle in Okamoto 
spontaneous hypertension 


J. ALTMAN, F. Da PONTE & M. WORCEL 


Physiologie & Pharmacologie, INSERM U7, Hôpital 
Necker, 75015 Paris, France 


Okamoto & Aoki (1963) obtained a strain of 
spontaneously hypertensive rats (SHR) which develop 
a disease that resembles human essential hypertension. 
Shibata & Kurahashi (1972), Bohr (1974) and Janis & 
Triggle (1973) have observed that the response of 
SHR carotid and aortic muscle to Sr7+, La*+, Mn?t, 
Batt, Ca*+ and diazoxide is changed in SHR, 
suggesting an alteration in excitation-contraction 
coupling mechanisms in SHR arterial smooth muscle. 
In order to know if the changes in reactivity are 
related to the primary cause of hypertension in SHR 
or are just an adaptation induced by the high arterial 
blood pressure (Folkow, Hallback, Lundgren, 
Sivertsson & Weiss, 1972) we have proceeded to test 
the contractile response of a visceral smooth muscle. 
A longitudinal strip of the rat fundus of 20 weeks old 
male and female SHR and Wistar normotensive (NW) 
rats was prepared according to the method of Vane 
(1957). All the following experiments were performed 
in a normal physiological Tris buffered solution at 


37°C and gassed with 100% O,. After equilibration 
during 2h the contractile response to SrCl,, MnCl,, 
LaCl, and BaCl, was examined. The response to Ba? 
in male SHR _ strips was lower (ED 
1.4 x 10-3+0.3 M, n= 10) than in the male NW strips 
(3.0x 104+0.2M, n=10; P<0.01) Maximal 
responses were identical. Male SHR fundus strips 
contracted much more with Sr*+ (SHR: 42+ 3% of 
Mx response to Ba*+, n+10; NW: 19+4, n=10, 
P<0.01) than NW strips. This confirms Bohr’s (1974) 
results but on the other hand there was no difference 
in the response to both BaCl, and SrCl, between 
female SHR and NW fundus strips, and MnCl, and 
LaCl, were relaxant in all cases. The dose-response 
curves to Ca*+ of depolarized SHR and NW fundus 
strips and the study of the antagonism of diazoxide on 
Ca’+ contractions was performed using Janis & 
Triggle (1973) method. The contractile action of Ca?* 
in depolarized preparation was enhanced in both male 
and female SHR strips. The effect of diazoxide was 
more marked in SHR strips than in NW fundus strips. 
In conclusion, SHR fundus smooth muscle presents 
the same modification of reactivity to Ba?+, Sr?+, Ca?+ 
and diazoxide that was previously described in arterial 
smooth muscle. This indicates that the cellular 
modification responsible for the increase of vascular 
tonus in SHR is not an adaptable reaction to high 
blood pressure. The differences between female SHR 
and male SHR responses are not unexpected 
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considering the natural evolution of hypertension in 
Okamoto rats which is milder in female SHR. 


This work was supported by grants of the I.N.S.E.R.M. and 
D.G.R.S.T., France. 
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Molecular mechanism of post- 
nephrectomy uterine supersensitivity 
to angiotensin 
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M.A. DEVYNCK, P. 


Bilateral nephrectomy has been shown to induce a 
specific supersensitivity of the response of isolated rat 
uteri to angiotensin H which is expressed by a shift to 
the left of the dose-response curve. This phenomenon 
could not be explained by a simple freeing of receptor 
sites secondary to the disappearance of endogenous 
angiotensin. The pA, values of two competitive 
antagonists of angiotensin II were not modified by 
nephrectomy suggesting that supersensitivity was 
related neither to a change in the affinity of receptors 
nor to a variation of a possible equilibrium existing 
between active and inactive receptor conformations 
(Meyer, Papadimitriou & Worcel, 1974). If 
angiotensin receptor affinity is unchanged after 
nephrectomy, two hypotheses may explain the 
supersensitivity to angiotensin, both based on the 
obligatory assumption that a limiting factor of the 
angiotensin effect after nephrectomy exists beyond the 
receptor site (i) increase in the number of receptors. If 
the limiting factor is distal to the receptor site, an 
increase in the number of receptors would be 
responsible for the supersensitivity, and maximal 
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contraction would be obtained at an angiotensin con- 
centration lower than in control experiments, (li) no 
variation in the number of receptors but an increase in 
the ‘efficiency’ of the limiting factor distal to receptors. 
In this case, an increased response would result from 
the same number of hormone-receptor interactions. 

In order to test these hypotheses, we have studied 
the specific binding of a [?H]-angiotensin II with high 
specific activity and intact biological activity to 
membranes of uteri isolated from normal and 
nephrectomized rats. In normal rats, the specific 
binding of [3H]-angiotensin II to uterine membranes 
was half saturated and saturated at angiotensin con- 
centrations of 2 x 10-®M and 10-7 M respectively. The 
similarity of these values to the ED,, value and to 
the angiotensin concentration inducing maximal 
contraction suggests that in normal rats a linear 
relation exists between angiotensin receptor 
occupancy and contraction. 

Bilateral nephrectomy produces, after 18—20 h, a 
70% increase in the total number of binding sites 
(control 0.7 pmol mg !; nephrectomized 1.2 pmol 
mg! protein) which cannot be accounted for by 
variations in the occupancy of receptor sites, and no 
significant variation in the apparent dissociation 
constant (Chevillotte, Rouzaire-Dubois, Devynck & 
Meyer, 1974). It has also been demonstrated that the 
variations in angiotensin receptor number was directly 
related to plasma angiotensin levels. 

These pharmacological and biochemical results 
allow the following conclusions which will be analysed 
in this communication: G) Supersensitivity of uterine 
muscle to angiotensin observed after nephrectomy is 
secondary to a true increase in angiotensin receptors 
without significant variation in their affinity for the 
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hormone, (ii) the association of an increase in 
angiotensin receptors and a shift to the left of the dose- 
response curve implies the existence of limiting 
factor(s) distal to the receptor, (iii) the consequence of 
the existence of this limiting factor is that after 
nephrectomy, some receptors behave as ‘spare 
receptors’, (iv) no evidence for the existence of spare 
receptors could be demonstrated in normal uteri. 


Evolution of aortic and cardiac cyclic 
AMP phosphodiesterase during the 
onset of mineralocorticoid hypertension 
in the rat 


C. LUGNIER, T. MICHON & J.C. STOCLET 


Laboratoire de Pharmacodynamis, Faculté de Pharmacie, 
Université Louis Pasteur, 3 rue de Argonne, 67083 
Strasbourg, France 


Amer (1975) suggested that increased activity of 
cyclic AMP phosphodiesterase (PDE) in heart and 
aorta may play a part in the onset of hypertension in 
the rat. The present investigation was undertaken to 
determine whether the increase of PDE activity 
precedes or follows the rise of BP during 
mineralocorticoid hypertension in the rat. Male 
Sprague Dawley rats were implanted with 100 mg 
desoxycorticosterone acetate in 4 pellets and sub- 
sequently were given ad libitum a 9% w/v NaCl 
solution. The rats were killed by decapitation. The 


Table 1 


References 


MEYER, P., PAPADIMITRIOU, A. & WORCEL, M. (1974). 
Specific supersensitivity of smooth muscle to angiotensin 
H after nephrectomy. Br. J. Pharmac., $2, 435—440. 

CHEVILLOTTE, E, ROUZAIRE-DUBOIS, B. DEVYNCK, 
M.A. & MEYER, P. (1974). Variations in the number of 
uterine angiotensin receptors following changes in 
plasma angiotensin levels. Eur. J. Pharmacol. (in press). 


heart and the aorta (freed from adventitia layer) were 
rapidly removed and homogenized as described 
previously (Lugnier & Stoclet, 1974). PDE activity 
was determined in crude homogenates using a method 
modified from Thompson & Appleman (1971). The 
modification consisted of measuring the yield of the 
separation of the reaction products from residual °H- 
cyclic AMP by adding ['*C]-adenosine to each tube 
and of using a different resin for the separation (QAE 
Sephadex A25). Protein was measured according to 
Lowry, Rosenbrough, Farr & Randall (1951). 

Table 1 shows that cardiac PDE measured at both 
substrate concentrations increased with age in control 
but not in hypertensive rats, where it was already 
maximal after 2 weeks of treatment. In the aorta the 
only observed modification was an increase of PDE 
measured at low substrate concentration in 
hypertensive rats, after 2 weeks of treatment. 

The data show that modifications of cardiac and 
aortic PDE specific activity occur during the onset of 
mineralocorticoid hypertension but are no more 
apparent during the chronic phase of hypertension. 


Varlations of the specific activity of cyclic AMP phosphodlesterase (PDE) with age and hypertension, 


in heart and sorta from control and mineralocorticold hypertensive rats 


Systolic BP PDE (pmol. min . mg protein} {2) 
Heart Aorta 
(mmHg) (1) 1x 10* (3) 7x170 m (3) 1x10-* m (3) 1x 10 (3) 
8 weeks old (after 2 weeks of treatment) 
Contro! 115+2 474.7 +12.6 74.5+1.0 1143.2 +157.8 174.0 +10.7 
Hypertensive 163 +2t 1447.0 +80.0t 165.0 +3.0t 1385.4 + 124.0 246.044.5t 
16 weeks old (after 10 weeks of treatment) 

Control 146 +3* 1188.6 +43,9* 164.1+4.2* 1575.8+ 185.0 186.24+7.5 
Hypertensive 184 +9t 1274.2 + 55.0 1863.8 + 1.6 1595.4 + 135.0 192.64+6.9 


(1) Mean of 10 rats + 8.8. mean. 

(2) Mean of 4 determinations on pools 10 organs, + 8.e. mean. 

(3) Substrate concentration. 

Student's t tests: t P <0.001 compared with controls. 
*P<0.001 compared with 8 weeks old rats. 
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Evidence of central cardiovascular 
effects of intracerebroventricular 
isoprenaline in anaesthetized rat 
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Isoprenaline (1, 2 and 441g) injected intra- 
cerebroventricularly in urethane anaesthetized rat 
produced a long lasting hypotension and tachycardia. 
It is unlikely that these effects are related to leakage in 
peripheral circulation of the amine because: (1) After 


LOWRY, D.H. ROSENBROUGH, NJ, FARR, RL. & 
RANDALL, R.J. (1951). Protein measurement with the 
Folin reagent. J. biol. Chem., 193, 265—275. 

LUGNIER, C. & STOCLET, J.C. (1974). Inhibition by 
papaverine of cGMP and cAMP phosphodiesterases 
from the rat heart. Biochem. Pharmacol., 23, 
3071-3074. è 

THOMPSON, WJ. & APPLEMAN, M.M. (1971). Multiple 
cyclic phosphodiesterase activities from rat brain. 
Biochemistry, 10, 311—316. 


intraventricular injection, [H]-isoprenaline diffused 
partially out of the central nervous system, but maximal 
blood and heart levels measured 5 min after administra- 
tion were about 2 ng/g. These concentrations were 
unable to induce cardiovascular effects when injected 
intravenously. (2) In rats cephalic cross-circulation 
experiments indicated that intraventricular injection of 
8 yg isoprenaline to the rat donor produced tachy- 
cardia which was not observed in the second animal. 


The present study showed that isoprenaline had 
mainly central cardiovascular effects after intracere- 
broventricular injection. 





Characteristics and altered sensitivity 
of cerebral 6-adrenoceptors assessed by 
[*H]-propranolol binding 
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and Department of Pharmacology, University of 
Sheffield, Sheffield, S10 2TN 


Studies on the nature and characteristics of the £- 
adrenoceptor have been greatly assisted by the 
observation that in many tissues this receptor is 
closely associated with the enzyme adenylate cyclase 
(Robison, Butcher & Sutherland, 1971). We have 
previously utilized this approach in assessing 
catecholamine-induced cyclic AMP formation in chick 
cerebral hemispheres and have provided evidence that 
these effects are mediated by a #adrenoceptor 
(Nahorski, Rogers, Smith & Anson, 1975). In the 
present study we have extended our experiments on 
the characterization of this receptor by examining the 
binding of °H propranolol, a specific ligand for the 


f-adrenoceptor (Nahorski, 1976), to chick cerebral 
membranes, 

Experiments were performed on 1—6 day old male 
Ranger chicks. Cyclic AMP formation was 
determined in 0.37 mm incubated slices of the cerebral 
hemispheres by a protein binding assay. PH] (+)- 
propranolol binding was examined in a crude synaptic 
membrane fraction prepared by differential centrifuga- 
tion (Nahorski, 1976). The order of potency of the 
catecholamines to stimulate cyclic AMP formation, 
isoprenaline > adrenaline > noradrenaline, was also 
observed in the ability of these compounds to displace 
[7H]-propranolol from membrane binding sites. 
Salbutamol, although only a partial agonist, had a 
similar potency to adrenaline in both of these systems 
and dopamine was inactive at concentrations up to 
100 uM. 

(—)-Propranolol was a potent antagonist of 
isoprenaline (1 .M)-stimulated cyclic AMP formation 
(IC,g==7x 10-8 mM) «and = [?H]-propranolol binding 
(IC,g== 1 x 1078m). (+)-Propranolol was about 100- 
fold less potent in both systems. H35/25(1-(p-toly])-2- 
isopropylamino-1-propanol), a relatively specific By 
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adrenoceptor antagonist (Carlsson, Ablat, Brandstr6m 
& Carlsson, 1972), was about 300—500-fold more 
potent than the cardioselective -adrenoceptor 
antagonists, metoprolol and practolol in its ability to 
antagonize isoprenaline-stimulated cyclic AMP 
formation and [?H]-propranolol binding. 

In previous experiments we have demonstrated that 
chronic depletion of cerebral catecholamines results in 
an increased responsiveness of f-adrenoceptor 
mediated cyclic AMP formation. whereas chronic 
isoprenaline administration induces a loss of 
sensitivity of this response (Nahorski & Rogers, 
1975). In order to assess the possibility of an altered 
affinity and/or number of cerebral receptor sites in 
these conditions, the binding of [°H]-propranolol was 
examined in cerebral membranes of these animals. The 
affinity and total number of [°H]-propranolol binding 
sites were identical in reserpine (3 x 2.5 mg/kg) and 
vehicle-treated chicks. However, following 
isoprenaline treatment (2 x 150 umol/kg) the loss of f- 
adrenoceptor responsiveness was accompanied by a 
significant (25-30%) apparent loss of total binding 
sites. 

The experiments described suggest that the f- 
adrenoceptor in chick cerebral hemispheres resembles 
that found in bronchial and vascular smooth muscle 


Peripheral effects of the amphetamine- 
type anorectic drugs: inhibition of 
catecholamine-induced lipolysis, 
respiration, glucose utilization in the 
adipose tissue of man and rat 


M. DUBOST, A. ESCOUSSE, J. MOUNIE & R. 
TRUCHOT 


Laboratory of Medical Pharmacology, University of Dijon 


Some phenylethylamine derivatives are among the 
most important anorectic drugs which act by a central 


(8,) rather than that in heart (6,). In addition evidence 
is presented to suggest that the loss of responsiveness 
of cerebral f-adrenoceptors following chronic 
exposure to isoprenaline is associated with a loss of 
available receptor binding sites. 
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mechanism, but their peripheral metabolic actions are 
poorly understood. 

It appears that many of the amphetamine drugs are 
weak agonists of the lipolysis in adipose cells but an 
inhibitory effect of sympathomimetically-induced 
lipolysis was found in the case of fenfluramine. The 
main body of work reported in this field has been 
carried out in the rat, the adipose adrenoceptor of 
which may well be quite different from that in man. 

For this reason it seemed essential to investigate the 
effects of amphetamine anorectic drugs in both species 
(rat and man) on: (a) The adrenoceptor agonist activity 
for lipolysis, respiration, glucose oxidation of the 


Table 1 
Products Species Lipolysis Lipolysis Respiration 
with theophylline with theophylline 
+ NA 

Fenfluramine Man + 4 t 
Rat no effect 4 no effect 

Fenproporex Man t 4 $ 

Rat 4 4 J 

Chlorphentermine Man no effect i 4 

i Rat 4 4 4 
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adipocytes, and (b) the antagonist effect on metabolic 
peripheral actions of catecholamines (lipolytic, and 
calorigenic actions). 

Experiments were performed in vitro using the 
following products: fenfluramine (2-ethylamino-1-(3- 
triflucro-methylphenyl)propane); fenproporex (+}1- 
(methyl-1-phenyl-2-ethyl amino)3-propionitrile), chlor- 
phentermine (dimethyl-1,1-chlorophenyi-2-ethyl- 
amine). 

Oxygen uptake, lipolysis (estimated as glycerol 


Activity of anorectic drugs 
(amphetamine), amfepramone and 
UP 507—04) on two models of 
obesity in animals 


G. DUMEUR, BERNADETTE HUE, J.M. 
LWOFF, M.A. MOURIES & D. TREMBLAY 


Research Department, UPSA Laboratories, 128, rue 
Danton, 92504 Ruail Malmaison, France 


The anorectic activity of three drugs (amphetamine, 
amfepramone and UP 507-04 (cyclopropyl-2 p- 
chlorophenyl-4 methyl-5 pyrrolidine succinate)) was 
studied on two models of experimental obesity: gold 
thioglucose treated mice and rats after bilateral 
electrolytic lesions of hypothalamic ventromedian 
nucleus. 


Decremental skin conductance 
response in mice, during iterative 
photostimulation; an attention- 
sustaining capacity model for 
psychopharmacological research 


R. MARCY & M.A. QUERMONNE 


Department of Pharmacology, University of Caen 
Pharmaceutical Unit, 14032 Caen Cedex, France 


As a result of repeated presentation of a stimulus to 
which attention is attracted, a decrement and eventual 
extinction of the skin conductance reaction (SCR) 
occurs. Delivering iterative photostimulation to mice 
while recording their palmar SCRs, Marcy, 
Quermonne & Nammathao (1976) have demonstrated 
that SCR extinction (i.e. habituation) is delayed by 
psychoanaleptics. 


release in incubation medium) and glucose utilization, 
were measured in the Warburg apparatus with Krebs 
Ringer bicarbonate solutions containing noradrenaline 
(NA) (8x 10-5M) or theophylline (1 x 1075 M) or 
NA + theophylline + anorectic drug (1x104 to 
1.4 x 10M) on epididymal fat pads of 200 g Wistar 
rats. In man studies were conducted in epiploic (or 
perirenal) adipose tissue obtained during appendicec- 
tomy of 40 subjects of both sexes (17 to 72 years of 
age). Results are given in Table 1. 


The obesity, on these models, developed in two 
phases: dynamic and static. During the dynamic phase 
the rate of weight gain was very pronounced, during the 
static phase very poor. In plasma, total lipids, 
triglycerides and cholesterol levels were increased in 
obese rats. 

Mice and rats were treated orally by drugs for 12 
days during the static phase. Amphetamine (4 mg/kg in 
rats and mice) induced a sharp decrease of food intake 
and body weight without statistically significant 
modifications of total lipids, triglycerides and 
cholesterol in rats. Amfepramone (16 mg/kg) in mice 
had no activity on food intake and body weight. UP 
507-04 (8 mg/kg in mice and 4 mg/kg in rats) 
decreased food intake and body weight; total lipids, 
triglycerides and cholesterol tended to remain at 
normal values in rats. 


In this study, the same method was used. Time of 
extinction (in 100ths of an h) was computed against 
dose (mg/kg) for each drug tested. Depending on the 
effect obtained, the following parameters were 
determined: standard delaying dose, i.e. delaying SCR 
extinction until 125 (SDD) or standard shortening 
dose, i.e. speeding up SCR extinction to time 
50 (SSD). 

Unlike the psychoanaleptics tested, central 
depressants speeded up SCR extinction time. 
Clonazepam was more active than phenobarbitone 
(cf. lower SSD in Table 1) although it is definitely less 
active in suppressing the righting reflex. Delay of 
habituation obtained with amphetamines was 
confirmed with related compounds. Rather unex- 
pectedly, both fenfluramine, although considered a 
depressant, and, above all, piracetam, although devoid 
of any stimulant property, also delayed SCR 
extinction. In fact, fenfluramine possesses some 
stimulant properties and piracetam improves learning 
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Table 1 Effect of drugs on extinction of skin conductance reaction 
Drugs No. b Dose-range analysis of linear regression variance 
Delaying effect SDD V F P 
(mg/kg l.p.) 
Dexamphetamins 7 0.0312-8.00 0.0722 347081.31 896.93 <0.001 
{sulphate, sal.) {+0.015) 
Piracetam (sa/.) 4 0.50-10.00 0.787 164007.61 197.40 <0.001 
(+0.146) 
Dexamphetamine 4 1.00-—-5.00 1.40 123764.97 525.16 <0.001 
(tartrate, c.m.c.) (+0.111) 
Methamphetamine 3 2.00-3.00 2.01 45212.47 211.21 <0.001 
(sa/.) (+0.040) 
Phentermine 3 5.00—~-20.00 4.84 17964.87 73.48 <0.001 
{sa/.} (+0.522} 
Fenfluramine 4 5,00-—30.00 10.06 35616.91 186.43 <0.001 
{HCI, sal.) (+1.036) 
Benzphetamine 3 12.50-30.00 29.17 13353.17 67.81 <0.001 
(HCI, sal.) (+1.954) 
Ephedrine 3 20.00--60.00 34.68 15674.47 83.63 <0.001 
(HCI, sai.) (+3.086) 
Caffelne 4 80.00-150.00 150.50 12176.72 143.89 <0.001 
(+benzoate Na, (+5.162) 
dist. water) 
Pyrisuccideanol 4 250.00-1000.00 956.80 8126.07 48.00 <0.001 
(dimafeate, sal.) (+104.29) 
Speeding up effect SSD 
(mg/kg ip.) 
Clonazepam 7 0.158—-10.00 1.00 20688.50 132.82 <0.001 
(c.m.c.) (+0.19) 
Phenobarbital 4 10.00-35.00 22.41 12524.41 88.69 <0.001 
(Na, sal.) (+1.76) 


No b,=number of batches of 10 mice for the relevant experiment. 
SDD, SSD= see text. Flgures in brackets are confidence limits P< 0.05. 


V=varlance, F=variance ratio, P= probability. 


sal. = dissolved In saline, c.m.c, = suspended In 0.5% carboxymethylcellulose water solution. 


in particular conditions (Sara & David-Remacle, 
1974). ` 

Decremental SCR during monotonous solicitation 
may be proposed as a model for attention sustaining 
capacity under the effect of drugs. Results obtained 
show that this model is not exclusively influenced by 
drugs modifying general activity. 

Conversely, it seems particularly sensitive to 
specific central effects which are not readily 
demonstrable otherwise. 
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Effect of the 1,5-benzodiazepines, 
clobazam and triflubazam, on the sleep 
of man 


CORAL H. CLARKE, A.N. NICHOLSON & 
BARBARA M. STONE 


Royal Alir Force Institute of Aviation Medicine, 
Farnborough, Hampshire 


Many of the 1,4-benzodiazepines used as hypnotics 
have persistent effects on performance, but it would 
appear that the 1,5-benzodiazepine, clobazam, has 
limited residual sequelae (Caille & Bassano, 1974; 
Borland & Nicholson, 1975). The possibility that 1,5- 
benzodiazepines may possess less potential for 
impairing performance in man raises the question of 
their use as hypnotics for persons involved in skilled 
activity the next day. It is in this context that we have 
investigated the hypnotic properties of two members 
of this group of drugs — clobazam (1-methy]-5-phenyl- 
7-chloro-1H-1, 5-benzodiazepine-2, 43H, 5H)-dione) 
and triflubazam (1-methyl-5-phenyl-7-tri- 
fluoromethyl-1H-1, 5-benzodiazepine-2, 4(3H, 5H} 
dione). 

The subjects were six healthy male volunteers aged 
between 21 and 28 years. The assessment of each 
treatment (matching placebos or dose or a drug) 
involved four days. For two nights the subjects slept at 
home and retired at a set time, and for the next two 
nights they slept in the laboratory. They were 
requested to refrain from napping and undue exercise, 
and to abstain from caffeine and alcohol from mid-day 
on the days which involved recordings. Nine to twelve 
days separated each assessment. On each occasion the 
subject ingested two identical capsules, and the study 
was double blind. Preliminary studies suggested that 
the appropriate dose ranges to study were clobazam 
(10—20 mg) and triflubazam (20—40 mg). 

The effect of the drugs was limited to the night of 
ingestion. With both drugs no statistically significant 


changes were observed in total sleep time or in the 
duration (min) of each sleep stage. With clobazam (10 
& 20mg) sleep onset latency (SOL) was reduced 
(P <0.05), and the latency to stage 3 was shortened. 
There was some evidence of reduced awakenings to 
stage O and stage 1 activity, and with both 10 and 
clobazam (20 mg) the percentage of total sleep time 
occupied by stage 1 activity was less (P< 0.01). With 
clobazam (20 mg) there was an increase in the 
percentage of stage 2 sleep (P<0.05) related to the 
second two hourly interval of sleep from SOL, and an 
overall decrease in the percentage of stage 3 (P< 0.01) 
and stage 3+4 (P<0.05) sleep. No changes were 
observed in rapid eye movement sleep. 

With triflubazam (20 & 40 mg) there was no change 
in latencies to sleep stages. There was some evidence 
of reduced awakenings to stage 0 and stage 1 activity. 
With 20mg the percentage of total sleep time 
occupied by stage 1 activity was less (P< 0.05), but 
this change was not observed with the 40 mg dose. No 
other changes were observed. 

It would appear that the hypnotic activity of the 
1,5-benzodiazepines is limited, and that this is 
particularly so in the case of triflubazam. However, 
the effect of clobazam on sleep, and its restricted 
effects on performance (Borland & Nicholson, 1975) 
suggest that it may be a useful drug in the 
management of limited sleep difficulties in persons 
involved in skilled activity. 
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Behavioural changes in rats suggesting 
drug-induced headache 


A.P. SILVERMAN 
ICI Ltd., Central Toxicology Laboratory 


Nitroglycerin and similar organic nitrates lower 
blood-pressure and are Hable to induce headache in 
man after inhalation or skin contact. If rats also get 
headaches, they would be expected to show: (1) Con- 


ditioned taste aversion; drugs like lithium producing 
unpleasant symptoms in man often cause rats to avoid 
novel but otherwise attractive bait (Nachman & 
Hartely, 1975). (2) An unspecific reduction in 
spontaneous behaviour (whereas strongly conditioned 
behaviour, e.g. to avoid shock, might overcome a mild 
deficit). 


Twenty-four albino rats were caged in pairs, 
separated for 6 h each week day, and given water for 
2h daily while separated. Social behaviour was 
observed on return to the home cage (Silverman, 
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1971) classifying the acts and postures described by 
Grant & Mackintosh (1963) as non-social (explora- 
tion, grooming, etc.), social approach (including 
aggression), and escape from the other rat. 

Nitroglycerin was administered as a 10% solution in 
corn-oil, syringing 0.5 ml/kg on to the shaved flank 
(Clark & Litchfield, 1967) 30 min after removing water 
and 15--30 min before test. Treating only one rat of 
each pair, nitroglycerin did not affect social behaviour. 
When both were treated, the total number of actions of 
ali kinds observed in 3 min averaged 262 (+21 s.e. 
mean) for the six pairs of nitroglycerin-treated rats. This 
was a decline of 20+20 actions from the pre- 
experimental baseline, while corn-oil controls increased 
by 48 + 26 to 302 + 24. The difference was as predicted 
(t= 2.04, P<0.05 1-tailed) but was mainly in social 
approach, with little change in non-social or escape 
behaviour. 

Conditioned aversion: Instead of water, rats were 
offered a solution of 0.1% saccharin sodium on the day 
nitroglycerin was first administered. Comparing water 
on the previous day with saccharine on day 2 (21h 
after dosing), controls increased intake by 10.2+ 1.4 g, 
rats given nitroglycerin by only 7.1+1.6g (t=1.81, 
df=: 20, P<0.05 1-tailed). 

Tolerance has been reported to nitroglycerin with 
supersensitivity following withdrawal, and another 
conditioned aversion experiment tested this. 

On days 1—5 rats were offered 0.1% saccharin for 
lh in the morning, treated with nitroglycerin 
{50 mg/kg) or ethylene glycol dinitrate (EGDN) or 


corn-oil (n=10) and later offered water for 1 hour. 
Groups differed little in intake of either fluid, and were 
left untreated on days 6 and 7. On day 8 they were 
offered saccharine given a novel flavour with coffee and 
dosed again. On day 9, corn-oil alone increased coffee 
intake by 6142.58, EGDN by 0.1+1.5g and 
nitroglycerin reduced it by 0.942.1 g (F227= 3.39, 
P<0.05). 

Effects in both social behaviour and conditioned 
aversion tests were in the predicted direction but were 
much smaller than expected, perhaps because the high 
solubility of nitroglycerin in corn-oil reduced the 
effective dose. 


I thank Dr G. McCallum (Nobel’s Explosives Co.) for nitro- 
glycerin and EGDN, and Miss Ayleen Hughes for technical 
assistance. 
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The release of endogenous amino acids 
from the cat spinal cord in vivo 


G.E. FAGG, C.C. JORDAN & 
R.A. WEBSTER 


Department of Pharmacology, University College 
London, Gower Street, London WC1E 6BT 


Perfusion of the central canal of the cat spinal cord in 
vivo is a useful approach to the study of spinal 
neurotransmission (Morton, Stagg & Webster, 1976). 
Employing this technique, Jordan & Webster (1971) 
demonstrated the release of acetylcholine and 
radiolabelled glycine into the perfusate (in the presence 
of eserine and p-hydroxymercuribenzoate, res- 
pectively) during stimulation of femoral and sciatic 
nerves. 

In the present experiments, cats were spinalized at 
Cl under halothane anaesthesia, immobilized with 
gallamine triethiodide and the central canal (L4—S1) 
was perfused (0.06 ml/min) with artificial CSF 


(Feldberg & Fleischhauer, 1960). A bipolar platinum 
electrode (tip separation 5 mm) was inserted into the 
cord at C2 to deliver trains (0.1 Hz, 5s duration) of 
stimuli (12V, 2ms, 40Hz) for 10min periods. 
Samples of perfusate were collected (10 min periods) 
and assayed for amino acids by a modification of the 
dansylation procedure described by Briel & Neuhoff 
(1972), utilizing [*H]-dansyl chloride with ['C]- 
leucine as an internal standard. 

Table 1 shows those amino acids studied. 
Introduction of p-chloromercuriphenylsulphonate 
(pCMS) 10~ M into the artificial CSF, in an attempt 
to inhibit amino acid uptake (Balcar & Johnston, 
1973), significantly increased the efflux of several 
amino acids and further significant increases resulted 
from stimulation of descending spinal tracts. 
Stimulation in the absence of pCMS did not 
consistently increase the efflux of. any amino acid 
studied (values not shown). The stimulated increases 
in glutamate, glycine, GABA and alanine efflux could 
be related to their proposed neurotransmitter roles 
(Curtis & Johnston, 1974) although the evoked release 
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Table 1 Release of endogenous amino acids from the cat spinal cord /n vivo 


Amino acid 
pCMS 10+ mu 
{% spontaneous] 
A 

Leucine 186+ 26(10)t 
Alanine 233+ 67 (7) 
Aspartate 179+ 30(8)* 
GABA 387+ 98(10}* 
Glutamate 197+ 25 (8)t 
Glutamine 100+ 6(10) 
Glycine 850 + 142 (10)t 
Lysine 72+ 8(5)* 
Proline 256+ 60 (6)* 


Release following: 
pCMS 10— M+ stimulation 
{% pCMS 10— m release) 
B 


137+ 11 (4)4 
229+ 67 (4)I 
264 + 102 (3) 
163+ 11 (4)§ 
186+ 13 (3) 
Not calculated 
194+ 41 (4)t 
130+ 21 (3) 
169+ 29 (4) 


Spontaneous release of amino acids was determined in the absence of pCMS. The °H radioactivity in each 
dansyl derivative was corrected for recovery by means of a ['*C] leucine intemal standard and values were 
normalized with respect to the spontaneous efflux of endogenous leucine. 

A: Release after 60 min perfusion with pCMS 10~ in artificial CSF. Values are per cent of spontaneous 


release. 


8: Maximum release following stimulation in the presence of pCMS 10+ M. Values are per cent of pCMS 


107M release. 


All values are mean +s.e. mean (number of observations In parentheses). Significance levels (2-tail paired t- 
test): P<0.05* or 0.01t compared with spontaneous release. P<O.05+ or 0.018 compared with release 
following pCMS 10 m. For all other comparisons P> 0.1. 


of leucine (not a neurotransmitter candidate) indicates 
that caution is necessary in this interpretation. 


The valuable assistance provided by I.M. Jones is much 
appreciated. G.E.F. is an S.R.C. scholar. 

This work was supported in part by an M.R.C. project 
grant to R.A.W. 
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The effect of cortisol on a,-macro- 
globulin and a,-acute phase globulin in 
the arthritic rat. 


D.A. LEWIS & D.P. PARROTT 


Department of Pharmacy, University of Aston in 
Birmingham 


Recent work has shown that plasma antiproteases 
may be anti-inflammatory since they inhibit a number 


of proteases that are involved in inflammation (Barrett 
& Starkey, 1973; Hercz, 1974). The two most 
abundant human plasma antiproteases are a,- 
antitrypsin and a,-macroglobulin. In rat plasma the 
corresponding pair of antiproteases sre a,-antitrypsin 
and a,-macroglobulin. A third antiprotease, a,-acute 
phase globulin, is produced as a result of 
inflammation. Both a,-macroglobulin and a,-acute 
phase globulin are similar in properties to human a,- 
macroglobulin and can be assayed enzymatically by 
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Figure 1 Trypsin-proteln-əsterase (TPE) values of 
the plasma of arthritic rats BX and arthritic 
rats treated with cortisol @————®. Dotted lines 
represent non-arthritic contro! animals. Each result 
represents the mean of five animals and vertical lines 
indicate s.e. mean. 


measuring their trypsin-protein esterase (TPE) activity 
(Ganrot, 1973). 

In this communication we report on the action of 
cortisol on the plasma levels of a,-macroglobulin and 
@,-acute phase protein in the normal and adjuvant 
arthritic rat. 

Adjuvant arthritis was induced in male, Wistar 
strain rats (180—200 g body weight) (Parrott & Lewis, 
1974). Some normal and some arthritic rats were 
injected daily, subcutaneously, with cortisol acetate in 


Potentiation of anaphylactic 
bronchoconstriction by non-steroidal 
anti-inflam matory agents 
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Department of Pharmacology, Roussel Laboratories Ltd., 
Kingfisher Drive, Covingham, Swindon, Wiltshire 


Non-steroidal anti-inflammatory agents have been 
reported to enhance mediator release from both 
human and guinea-pig sensitized lung challenged in 
vitro (Walker, 1972; Engineer, Piper & Sirois, 1976). 
We have extended these observations to the in vivo 
situation and report here the effect of non-steroidal 
anti-inflammatory agents on anaphylactic broncho- 
constriction in the guinea-pig. 

Guinea-pigs were sensitized either passively or 
actively. Passive sensitization was by intravenous 
injection of 0.5ml of a 1/50 dilution of serum 
prepared according to the method of Davies & 


saline (5 mg/kg body weight) over the experimental 
period. The controls were injected with saline. a,- 
macroglobulin and a,-acute phase globulin were 
assayed simultaneously by measuring the TPE activity 
of plasma. 

The results show that TPE plasma levels were 
elevated by inflammation but that cortisol treatment 
depressed these levels towards that of the non-arthritic 
controls. Cortisol had no significant effect on non- 
Arthritic rat plasma TPE levels. 

Cortisol stimulates a ,-antitrypsin levels in the blood 
of both normal and arthritic rats (Parrott & Lewis, 
1976) but clearly it has no effect on a,-macroglobulin 
or a,-acute phase globulin levels apart from 
depressing acute phase antiproteases through its anti- 
inflammatory action. 
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Johnston (1971) and were challenged 24h later. 
Active sensitization was by the intraperitoneal and 
subcutaneous injection of ovalbumen (100 mg/kg) 
with antigen challenge three weeks later. Anaphylactic 
bronchoconstriction was measured according to the 
method of Colier & James (1967). Inhibitory 
compounds and antigen (ovalbumen) were 
administered intravenously, the compounds being 
given 5 min before antigen. 

Sodium meclofenamate (1 mg/kg) significantly 
potentiated anaphylactic bronchoconstriction in 
passively sensitized guinea-pigs when submaximal 
doses of antigen (0.12—0.60 mg/kg) were used for 
challenge. When animals were challenged with a 
maximal dose of antigen (15 mg/kg), sodium 
meclofenamate had no significant effect. In animals 
challenged with a maximal dose of antigen in which 
the histamine-induced component of broncho- 
constriction had been suppressed by the administra- 
tion of mepyramine (2 mg/kg), sodium meclofenamate 
potentiated the reaction, returning the broncho- 
constriction to the level of that seen in control animals. 
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In animals treated in this way however, mepyramine 
plus meclofenamate significantly inhibited the reaction 
over the first minute following antigen challenge, the 
period of the reaction identified by Collier & James 
(1967) as being mediated by kinins. Similar results 
were obtained for flufenamic acid (5 mg/kg). 

In actively sensitized guinea-pigs, similar results 
were obtained, although there were quantitative 
differences. Thus, mepyramine was less effective in 
blocking bronchoconstriction following challenge with 
antigen (0.6 mg/kg of ovalbumen) in active than 
passively sensitized animals. Moreover, whereas in 
passively sensitized guinea-pigs mepyramine inhibited 
over the whole of the 10 min period for which the 
reaction was followed, in actively sensitized animals 
mepyramine inhibited the reaction only over the initial 
4—5 minutes. Sodium meclofenamate had no effect 
when given alone but potentiated the reaction in 
mepyramine treated animals; again, however, the 
initial period of bronchoconstriction was inhibited in 
animals given mepyramine plus meclofenamate. 

These results confirm the potentiation of mediator 
release by non-steroidal anti-inflammatory agents and 
have shown its importance in an in vivo situation. 
From the results obtained, it appears that sodium 
meclofenamate potentiated the SRS-A mediated 


portion of anaphylactic bronchoconstriction, probably 
through an effect upon the synthesis of prostaglandins 
thought to play a modulatory role in the control of 
mediator release (Walker, 1972). Differences were 
observed between the relative importance of the 
mediators in anaphylactic bronchoconstriction in 
actively and passively sensitized animals, and it 
appears that histamine is less important in actively 
sensitized animals. 
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Intracerebroventricular administration of histamine 
increased blood pressure, heart rate and amplified 
sympathetic discharges. Intracerebroventricular 
administrations of mepyramine but not of metiamide 
have been reported to reduce this effect which was 
therefore suggested to be mediated by activation of 
H -receptors (Finch & Hicks, 1976). 

In chloralose-anaesthetized cats, histamine, 4- 
methylhistamine, 2-(2-aminoethyl) pyridine and 
betahistine were administered into the lateral ventricle 
of the brain. Histamine (2—10 pg/kg) induced a rise 
in blood pressure which was reduced by mepyramine 


indicating the involvement of H,-receptors. 2-(2 
aminoethyl) pyridine, and betahistine, two stimulants 
of H,-receptors, induced hypertension and 
tachycardia. The pressor effect reached 35 mmHg after 
100 pe/kg of 2-(2 aminoethyl) pyridine and 15 mmHg 
after 200 pg/kg of betahistine. 

These effects were suppressed by an intraventricular 
administration of mepyramine (100 pg/kg) but not 
of metiamide (50 pg/kg). High doses of 4-methyl- 
histamine (100 pg/kg), a stimulant of H,-receptors, 
injected into the lateral ventricle of the brain, induced a 
brief increase in blood pressure (15—20 mmHg). At 
higher doses, this effect was followed by a hypo- 
tension, possibly due to leakage into the systemic 
circulation. The rise in blood pressure was abolished by 
an intracerebroventricular injection of metiamide 
(100 ug/kg) and of mepyramine (50 ug/kg). 

Histamine in newborn chickens induced sleep 
characterized by a loss of the righting reflex. The 
duration of sleep was 12 min after 50 mg/kg, i.m. of the 
drug. 4-Methylhistamine (50 mg/kg, i.m.) induced sleep 
for 6 min, but 2-(2 aminoethyl) pyridine and betahistine 
(100 mg/kg, i.m.) failed to abolish the righting reflex. 
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These experiments show the predominant role of the 
activation of H,-receptors for the stimulation of 
central cardiovascular structures, but activation of H,- 
receptors induced also an effect possibly by increasing 
the level of 3'5'-cyclic AMP which has been shown to 
increase blood pressure when introduced into the 
lateral ventricle of the brain (Delbarre, Senon & 
Schmitt, 1975). In contrast, H,- but not H,-receptors 
seem to play a role in inducing sleep in chickens, 


Histamine receptors in the cranial 
circulation of the monkey 
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Histamine has been implicated in the pathogenesis of 
cluster headache and migraine, but histamine H,- 
receptor antagonists such as mepyramine have been of 
little therapeutic benefit in these disorders (Anthony & 
Lance, 1971). This may well be due to the nature of 
the cranial vascular histamine receptors. To 
investigate the nature of these receptors, we have 
compared the effects of the H,-receptor antagonists, 
metiamide (Black, Duncan, Emmett, Ganellin, 
Hesselbo, Parsons & Wyllie, 1973) and cimetidine 
(Brimblecombe, Duncan, Durant, Ganellin, Parsons & 
Black, 1975), with those of mepyramine, on cranial 
and systemic vasodilator responses to histamine in 
Macaca nemestrinas monkeys, anaesthetized with i.v. 
pentobarbitone sodium. 

Common and external carotid blood flows on one 
side were measured simultaneously using an 
electromagnetic flowmetering technique. Blood 
. pressure was monitored at the carotid bifurcation. 
Internal and external carotid vascular resistances were 
calculated from these measurements. Systemic blood 
pressure was measured in the aortic arch. Cumulative 
dose-response curves for the decreases in internal and 
external carotid vascular resistance produced by 
intracarotid histamine infusions, and dose-response 
curves for the systemic vasodepressor effects of iv. 
histamine doses, were established. Antagonism was 
assessed in terms of shifts of dose-response curves, 
expressed as dose ratios (means and 95% confidence 
limits). 

Metiamide was administered to seven monkeys, in 
progressively increasing doses of 0.25, 1 and 
5 mg/kg at 90 min intervals. External carotid dose- 
response curves were shifted to the right following the 
I and 5 mg/kg doses, the dose ratios being 
1.7(1.1-2.6) and 4.1(2.4-—6.9) respectively. The 
internal carotid dose ratios at these dose levels were 
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1.3(0.7—2.3) and 4.7(1.0—21.0) respectively. In four 
monkeys treated similarly with cimetidine, the external 
carotid dose ratios following the 1 and 5 mg/kg 
doses were 2,0(1.6—2.5) and 7.2(2.1—24.1) 
respectively, while the internal carotid dose ratios were 
1.0(0.4—2.6) and 2.7(0.7—10.7) respectively. These 
doses of metiamide and cimetidine had no effect on 
vasodepressor responses. When mepyramine 
(2 mg/kg) was subsequently administered to these 
H,-receptor antagonist-treated monkeys, 
vasodepressor responses were abolished and internal 
carotid dose-response curves were shifted further to 
the right. However, there was no appreciable increase 
in external carotid blockade. 

In four monkeys, mepyramine was administered 
initially. Progressively increasing doses of 0.5, 2 and 
10 mg/kg produced dose-dependent shifts to the 
right of vasodepressor dose-response curves, the dose 
ratios being 3.0(0.5-16.7), 6.3(1.1-37.3) and 
8.3 range (6.7—10.4). After the 10 mg/kg dose, the 
internal carotid dose ratio was 2.0(0.1~—37.6), and the 
external carotid dose ratio was only 1.8(0.4—8.2). 
Subsequent administration of metiamide or cimetidine 
(1 mg/kg) did not alter mepyramine-induced reduction 
of vasopressor responses, but increased the effect in 
both cranial circulations. 

These results suggest that the cranial vasodilator 
effects of histamine are mediated predominantly by 
H.-receceptors in the external carotid circulation, and 
by both H,- and H,-receptors in the internal carotid 
vasculature. 
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modulation of release of histamine and 
SRS-A in the calf 
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Mast cells of ruminants contain dopamine (Falk, 
Nystedt, Rosengren & Stenflo, 1964; Aviado & 
Sadavongvivad, 1970), which is released from 
sensitized tissue by antigen (Eyre, 1971a). Lung, 
especially pulmonary vasculature, is an important 
anaphylactic shock organ in the calf (Eyre, 1971b; 
Eyre, Lewis & Wells, 1973), whose pulmonary blood 
vessels possess dopamine receptors which may 
participate in anaphylaxis. A role for pulmonary 
dopamine in cattle has not been established. 

During studies of adrenergic modulation of 
anaphylaxis, it seemed important to investigate 
possible modulatory effects of dopamine. 

Calves were sensitized to horse plasma as 
previously described (Eyre ef al, 1973). Blood was 
collected and the granulocyte fraction separated 
(Holrodye & Eyre, 1975). Calves were killed 
with pentobarbitone and lungs removed and ‘chopped’ 
(Eyre, 1971a; Burka & Eyre, 1974). Aliquots of 
washed granulocytes or chopped lung were incubated 
at 37°C with antigen in buffered saline. Supernates 
were assayed for histamine and SRS-A (Eyre, 1971a; 
Burka & Eyre, 1974). Concentration ranges of 
dopamine, or dopamine plus antagonist were added to 
the mixture prior to antigen and incubation. 
Modulation of histamine or SRS-A release was 
expressed as a percentage of that released by antigen 
alone. Appropriate corrections were made for 
‘spontaneous’ mediator release in the absence of 
antigen. 

Dopamine (1077 to 10~® M) significantly potentiated 
antigen-induced release of histamine and SRS-A from 
lung (P<0.05). Dopamine (10-* to 107? M) did not 
alter histamine release from leucocytes. In the 
presence of spiperone (10-77 to 10-5M), the 
potentiating effect of dopamine (107° M) on SRS-A 
release was abolished. By contrast, spiperone (1077 to 
10-°m) did not affect the dopamine-enhanced release 
of histamine. Phentolamine or propranolol (1078 to 


10-°m) did not antagonize the enhancing properties 
of dopamine. 

Other work in this laboratory has shown unusual 
adrenergic modulation of SRS-A release from calf 
lung and of histamine release from leucocytes. In 
leucocytes, adrenergic modulation is biphasic: a 
potentiatory phase (S-adrenoceptor mediated) and 
an inhibitory phase (a-adrenoceptor mediated). 
Dopaminergic receptors may be absent in leucocytes 
and dopamine does not stimulate a- or 8-adrenoceptors 
at concentrations tested. 

In lung by contrast, our previous work has shown 
that both a- and -adrenoceptor stimulation inhibited 
histamine and SRS-A release from calf lung. 

Dopamine consistently enhances anaphylactic 
mediator release and when liberated with other 
mediators from local mast cells, dopamine may 
reinforce the release of the other mediators by positive 
feedback. Dopamine itself has very low activity on 
pulmonary smooth muscle in calves and therefore 
should not be described as a true mediator. Dopamine 
may be regarded as a ‘co-mediator’ of pulmonary 
anaphylaxis. As far as can be ascertained this 
situation has not been described previously. 
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Calcium and the inhibition of histamine 
release from rat peritoneal mast cells by 
non-steroid anti-inflam matory agents 
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Non-steroid anti-inflammatory drugs inhibit the 
release of histamine from rat peritoneal mast cells 
induced by a variety of stimulants including antigen 
and compound 48/80 (Thomas & Whittle, 1976). 
Although these effects could result from an elevation 
of mast cell cyclic AMP levels via phosphodiesterase 
inhibition, histamine release stimulated by the calcium 
ionophore (A23187) was also inhibited, suggesting 
that other inhibitory mechanisms may also operate; an 
increase in cyclic AMP levels is not thought to prevent 
ionophore-induced histamine release (Garland & 
Mongar, 1976). In the present study, the possibilities 
that non-steroid anti-inflammatory drugs affect the 
mobilization of calcium ions, or the processes of 
oxidative metabolism involved in histamine release, 
have been investigated. 

Mast cells were obtained by lavage of the rat 
peritoneal cavity with a modified buffered medium 
(pH 7) and the histamine release following incubation 
was determined by fluorometric assay. Submaximal 
histamine release (50—70% of the total histamine 
content of the mast cells), induced by compound 
48/80 (0.15—0.3 pg/ml) or ionophore-A23187 
(0.25—0.5 ug/ml) was inhibited by 2, 4 dinitrophenol 
(50—100 pg/ml) which uncouples oxidative phos- 
phorylation, and by antimycin-A (0.02—0.5 pg/ml) 
which acts on the cytochrome system. This inhibition 
was prevented by preincubation with glucose 
(1-5 mM)-containing medium (10 experiments), as 
shown by others (see Diamant, 1975). In contrast, the 
inhibition of histamine release by indomethacin 
(10-80 ug/ml) or sodium  meclofenamate 
(0.5—10 ug/ml) was not significantly altered by glucose 
(1—5 mM}incubation (8 experiments). 

Histamine release induced by the ionophore-A23 187 
was dependent on the dose (0.1—0.5 ug/ml) and on the 
calcium concentration of the incubation medium. 
Optimal histamine release, with a submaximal dose of 
the ionophore (0.33 pg/ml), was obtained with a 
calcium concentration of 0.75 mM; an increase in the 
calcium concentration up to 3 mM did not elevate the 


release further. The dose-dependent inhibition by 
indomethacin (10—40 g/ml) or meclofenamate 
(1—5 pg/ml) of histamine release stimulated by this 
ionophore was related to the calcium concentration of 
the incubation medium. In four experiments, the 
marked inhibition of ionophore (0.33 pg/ml)-induced 
release by meclofenamate (5 ug/ml) was significantly 
reduced (from 81.4+2.9% to 7.6+3.9%, mean + s.e. 
mean; P <0.001) when the calcium concentration was 
increased from 0.75 mM to 3 mM. In contrast, the 
inhibition of ionophore (0.33 ug/ml)-induced release by 
antimycin-A was not reversed by an increase in the 
calcium concentration (5 experiments). 

These results show that whereas the inhibition of 
histamine release from rat mast cells, by drugs known 
to interfere with energy production from oxidative 
metabolism, can be reversed by incubation with 
glucose (by promoting anaerobic glycolysis), glucose- 
incubation did not prevent the inhibition of release 
produced by indomethacin or meclofenamate. The 
observation that an increase in the calcium concentra- 
tion abolished the inhibition of ionophore-stimulated 
release suggests an action on a calcium-dependent 
stage in the release process. It has been shown that 
several aspirin-like drugs can interfere with the uptake 
and binding of calcium in various tissues (Northover, 
1973). Thus, the inhibition of histamine release by 
non-steroid anti-inflammatory drugs could reflect 
actions on calcium influx into the mast cell, or on 
calcium mobilization or utilization within the mast 
cell. 


This work was supported by a grant from the M.R.C. to 
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supplied by the Lilly Research Centre, Ltd. 
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inhibitors and of other drugs on 
aggregation of plasma-free rabbit 
platelets by carrageenan and by 
thrombin 
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Since hypotension due to carrageenan (Vargaftig, 
Bhargava, de Vos & Bonta, 1970) and to thrombin 
(Radegran, 1971) is accompanied by platelet 
aggregation, we studied the ability of thrombin and 
carrageenan to aggregate Tyrode-suspended plasma- 
free rabbit platelets (Vargaftig, Tranier & Chignard, 
1974) and to release prostaglandin (PG), rabbit aorta 
contracting (RCS) and thromboxane-like activities 
(Born, 1962; Piper & Vane, 1969; Vargaftig & Zirinis, 
1973; Bunting, Moncada & Vane, 1976). Thrombin 
aggregated platelets at 0.005—0.01u/ml and 
carrageenan at 0.5—2.5 pg/ml. Carrageenan required 
37°C strictly. Inhibition by EGTA and EDTA 
(2.5—5 mM), by dibutyryl cyclic AMP (0.5—1 mM), by 
adenosine (1 mM) and by the ADP scavenger apyrase 
(0.5—2 mg/ml) and failure of ADP itself to induce 
aggregation, suggested that ADP acted when released 
intracellularly. Heparin (100u/ml), tosyl arginine 
methyl ester (0.5-1mM) and neuraminidase 
(10—25 u/ml) inhibited thrombin but not carrageenan- 
induced aggregation. Neuraminidase lowered the 
threshold for carrageenan 5—10 fold. Aspirin, in- 
domethacin, salicyclic acid and _ dinitrophenol 
(0.1-0.5 mM) suppressed aggregation by threshold 
amounts of carrageenan or thrombin only. When 
platelets were washed and resuspended in drug-free 
plasma or Tyrode, aggregation by carrageenan or 
thrombin recovered, but PG synthetase inhibition by 
aspirin and by indomethacin persisted, platelets failing 
to aggregate and to form PG from arachidonic acid. 
Dithiothreitol and catalase inhibited carrageenan and 
thrombin at 5—10 mM and 2.5 mg/ml respectively, 
concentrations being 10—20 times higher than those 
needed for inhibition of arachidonic acid (Vargaftig, 
Tranier & Chignard, 1975). This confirms that in- 
tracellular mechanisms are involved with carrageenan 
and thrombin-induced aggregation, whereas in case of 
arachidonic acid generation/activity of aggregating 
substances occur in more accessible sites. Tosyl- 
phenylalaninechloromethylketone and bromo- 
phenacyl bromide (5—10pM), inhibitors of 
chymotrypsin and/or of phospholipase A, respectively 
(Schoellman & Shaw, 1963; Volwerk, Pieterson & de 
Haas, 1974) blocked aggregation by carrageenan and 
thrombin, but not by ADP or arachidonic acid in 
plasma. The trypsin inhibitor tosyllysinechloromethyl- 
ketone was inactive at 0.1 mM. A stable 5-HT-like 
activity was released from platelets or blood incubated 
with ‘thrombin (0.5-1.0 u/ml) and carrageenan 
(25—100 ug/ml). Labile rabbit aorta and coeliac artery 


contracting activities, inhibited by aspirin and by in- 
domethacin, but not by salicylic acid, were uncovered 
in platelets from reserpinized rabbits, that aggregated 
as controls. Cyproheptadine and methysergide (100 
ug/ml) failed to inhibit aggregation, ruling out 5-HT as 
involved directly. Generation of PG by thrombin- 
stimulated platelets is accompanied by phospholipase 
release and is suppressed by aspirin (Smith & Willis, 
1971), although aggregation by the amounts of 
thrombin used (5 u/ml) is not inhibitable. Aggregation 
by carrageenan and thrombin are: (a) PG synthetase- 
independent and start by separate pathways, (b) 
proceed by common routes, involving chymotrypsin- 
like and phospholipase activity (Schoene & Iacono, 
1975), as hypothesized for mast cell degranulation 
(Uvnas, 1962), and catalase-sensitive substances. 
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non-immunological inflammatory 
exudates on macrophages in culture 


M. ADOLPHE, C.J. DUNN, J. FONTAGNE, J.P. 
GIROUD, P. LECHAT, D. PAUBLANT & D.A. 
WILLOUGHBY 


institut de Pharmacologie, LA. C.N.R.S. 206, 21, rue de 
l'Ecole de Médecine, 75006 Paris, France 


Département da Pharmacologie, E.RA, C.N.R.S. 629, 
27, rue du faubourg Saint-Jacques, 75014 Parls, France 


As described in previous publications from our 
laboratories, rat peritoneal macrophages in culture 
could be stimulated to divide after treatment with an 
acute inflammatory exudate obtained 4h after 
intrapleural injection of dextran (Adolphe, Fontagné, 
Pelletier & Giroud, 1975). Similar results were 
obtained on mouse macrophages treated with exudate 
obtained 4 days after implantation of diffusion 
chambers (Wynne, Spector & Willoughby, 1975). 

The present report is an investigation into the effect 
of different types of acute inflammatory exudates on 
macrophage DNA synthesis in culture in order to 
confirm the presence of a ‘macrophage mitogenic 
factor(s)’ in other inflammatory reactions. For this 
purpose the activity of exudates obtained 4h after 
intrapleural injection of dextran, \~carrageenan, K- 
carrageenan and calcium pyrophosphate were 
compared. 

All experiments were performed on cultured normal 
rat peritoneal macrophages. After a 3-day culture 
period the medium was discarded and the 
macrophages treated with exudate diluted 50% in 


Dose-dependent desensitization of 
lymphocyte beta-receptor function after 
long-term culture with isoprenaline 
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SCOFIELD 


Department of Clinical Pharmacology, 
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Szentivanyi (1968) has proposed that asthmatics have 
an inherent partial blockade of -adrenoceptor 
mechanisms. Several investigators (Parker & Smith, 
1973; Logsdon, Middleton & Coffey, 1972; Alston, 
Patel & Kerr, 1974) have reported data from studies 
of lymphocytes or mixed leukocytes which would 
appear to support this theory. However, most of the 
asthmatics studied were receiving bronchodilators 


culture medium 199 supplemented with 20% calf 
serum. After a culture period of 3-4 days, 
macrophages DNA-synthesis was determined by 
autoradiography and the number of labelled cells 
counted. 

The results show that of the four types of exudate 
tested all induced increased macrophage DNA- 
synthesis. However, differences were observed 
between the activity of these exudates. Firstly 
exudates induced by A-and x-carrageenan, and calcium 
pyrophosphate caused a greater increase in labelled 
cells than dextran exudates. This may be indicative of 
a lower level of ‘mitogenic factor’ in the dextran 
exudates, which contains relatively fewer cells and a 
lower exudate protein concentration compared with 
carrageenan and calcium pyrophosphate induced 
exudates. Secondly carrageenan exudates were also 
observed to stimulate higher binucleate cell formation 
than in control macrophage cultures. 

It is concluded that the observed stimulation of 
macrophage DNA-synthesis induced by the four types 
of inflammatory exudate may be due to the release of 
an inflammatory mitogenic factor during the acute 
reaction, the production of which may be related to the 
presence of leucocytes in the exudate. 
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acting on §-adrenoceptors and possible effects of this 
therapy have not been fully considered. 

Desensitization to the action of catecholamines by 
prior exposure to these agents has been shown in 
fibroblasts (Franklin, Morris & Twose, 1975), 
adipocytes (Ho & Sutherland, 1971; Smith, Isaakson, 
Nyberg & Sjöström, 1976), macrophages (Remold- 
O'Donnel, 1974) and C, astrocytoma cells (Browning, 
Brostrom & Groppi, 1976). The present study was 
designed to examine f-adrenoceptor function in 
lymphocytes after prolonged exposure to isoprenaline 
in vitro. 

Lymphocytes from normal subjects on no 
medication were cultured in TC 199 for 24 h without 
and with isoprenaline 1 x 10-8 mol/l to 1 x 10 mol/l. 
The cells were washed, equilibrated with Hanks 
balanced salt solution and incubated for 15 min with 
isoprenaline 1x 10-4 mol/l and theophylline 
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Figure 1 Mean percentage increase + s.e. mean in 
cyclic AMP in response to lsoprenallne (1 x 10— m} in 
lymphocytes cyltured without and with isoprenaline. 
Difference from control: ** significant at the 0.01% 
level compared to celis with no lsoprenaline In culture 
{palred t-test), Figure at top of columns Indicates 
number of experiments. 


1 x 10-7 mol/l. Cyclic AMP was assay by the Gilman 
method (1970) as a measure of f-adrenoceptor 
function. Cells cultured with isoprenaline were 
Significantly less responsive to f-adrenoceptor 
stimulation in the 15 min incubation and this 
desensitization increased as cells were cultured with 
higher concentrations of the drug (see figure). 
Lymphocytes from three asthmatics were studied 
similarly and showed no qualitative differences. Cells 
were also incubated with PGE,. Despite prior culture 
with isoprenaline, the response to PGE, at 10.0 pmol/l 
was not changed, although there was a slight but not 
significant reduction in the response to PGE, at 


0.5 pmol/l. Phosphodiesterase activity was examined, 
but was found not to be increased in celis cultured 
with isoprenaline. 

It is concluded that lymphocyte -adrenoceptor 
function, as assayed by cAMP production, can be 
specifically desensitized by prior exposure to §-adreno- 
ceptor stimulant. 


References 


ALSTON, W.C., PATEL, K.R. & KERR, J.W. (1974). 
Response of leukocyte adenyl cyclase to isoprenaline and 
the effect of alpha blocking drugs in extrinsic asthma. 
Brit. med. J., i, 90—93. 

BROWNING, ET., BROSTROM, C.O. & GROPPI, V.E. 
(1976). Altered adenosine cyclic 3’,5’-monophosphate 
synthesis and degradation by C-6 astrocytonic cells 
following prolonged exposure to norepinephrine. Mol. 
Pharmacol., 12, 32—40. 

FRANKLIN, T.J, MORRIS, W.P. & TWOSE, P.A. (1975). 
Desensitization of beta-adrenergic receptors in human 
fibroblasts in tissue culture. Mol. Pharmacol. 11, 
485—491. 

GILMAN, AG. (1970). A protein binding assay for 
adenosine 3’,S’-cyclic monophosphate. Proc. natn. Acad. 
Sci., U.S.A., 67, 305—312. 

HO, RJ. & SUTHERLAND, E.W. (1971). Formation and 
release of a hormone antagonist by rat adipocytes. J. 
biol. Chem., 246, 6822—6827. 

LOGSDON, P.A., MIDDLETON, E. & COFFEY, R.G. (1972). 
Stimulation of leukocyte and adenyl cyclase by 
hydrocortisone and isoproterenol in asthmatic and non- 
asthmatic subjects. J. Allergy clin. Immunol., 50, 45—56. 

PARKER, C.W. & SMITH, J.W. (1973). Alterations in cyclic 
adenosine monophosphate metabolism in human 
bronchial asthma. I. Leukocyte responsiveness to 
adrenergic agents. J. clin. Invest., $2, 48—59. 

REMOLD-O’DONNEL, E (1974). Stimulation and 
desensitization of macrophage adenylate cyclase by pro- 
Staglandins and catecholamines. J. biol. Chem., 249, 
3615—3621. 

SMITH, U., ISAKSSON, O., NYBERG, G. & SJÖSTRÖM, L. 
(1976). Human adipose tissue in culture. IY. Evidence 
for the formation of a hormone antagonist by 
catecholarnines. Europ. J. clin. Invest., 6, 35—42. 

SZENTIVANYI, A. (1968). The beta-adrenergic theory of the 
atopic abnormality in bronchial asthma. J. Allergy, 42, 
203—232. 


4560P PROCEEDINGS OF THE B.P.S., 15th-17th SEPTEMBER, 1976 


Non-saturable co-operative binding of 
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Functionally active islets of Langerhans isolated from 
rat pancreas with bacterial collagenase and gathered 
by means of calibrated sieves, bind tritiated 
tolbutamide (Alric, Manteghetti, Puech, Lignon & 
Loubatiéres, 1975), The bound drug was measured as 
the amount taken up at equilibrium at 37°C in excess of 
the ['*C]-sucrose space of the preparation. Both 
isotopes were measured separately by liquid scintilla- 
tion following combustion of the samples. 

The uptake exhibits some features characteristic of 
binding to cellular structures rather than diffusion to 
the intracellular space. In particular, tolbutamide 
uptake shows a non-saturable co-operative pattern in 
relation to concentrations. The concentration-binding 
relationships (binding isotherms) show a steadfast 
upward concavity up to about 5 x 10-° M, then turn to 
a straight line. 

Such a co-operative pattern indicates that the 
binding ability of islet cell structures is modified by the 
binding itself as long as few binding sites are occupied 
by the drug. This occurs precisely in the range of con- 
centrations which exert a graded stimulating action on 
the secretion of insulin im vitro. At greater con- 
centrations, the binding follows a linear relationship 
similar to simple physical adsorption on an inert 
support. Other investigations (Sehlin, 1973) have 
already shown that this binding finally goes to 
saturation, but at tolbutamide concentrations far 
beyond pharmacologically active ones, with a half- 
maximum at 2 x 107-3 M. 

Binding of tolbutamide to exocrine pancreas shows 
much less co-operativity in the same conditions, 


interrelations between MAO activity 
and carbohydrate metabolism 
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The possible interrelations between monoamine 
oxidase (MAO) activity and metabolism of 


indicating a great deal of organ specificity. As was 
expected, unlabelled tolbutamide 5x 107$ M cancels 
the co-operativity of binding when added just prior to 
the labelled drug. A similar effect is produced by 
chlorpropamide and carbutamide at equiactive con- 
centrations (Alric & Portal, 1969) as well as diazoxide 
at an equi-antagonistic concentration (Loubatiéres, 
Mariani, Alric, Chapal & Portal, 1967). But ‘second 
generation’ hypoglycemic sulphonylureas 
glibenclamide and glipizide at equiactive con- 
centrations, and even glisoxepide, in an equimolar 
amount, failed to do so. Variations of glucose (1 to 
16 x 10-3 M) or calcium concentrations did not affect 
co-operativity of binding. 

In spite of the lack of interference of glucose, 
calcium and second generation sulphonylureas, it 
remains tempting to consider that the co-operativity of 
tolbutamide binding to islets could be related to the 
cell perturbation involved in the stimulating action 
exerted by this drug on the secretion of insulin by beta 
cells. 
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carbohydrates in central and peripheral regions was 
studied. Ninety per cent inhibition of MAO activity 
by administration of deprinil (20 mg/kg) in normally fed 
male rats resulted in 60% decrease in hepatic glycogen 
whereas cerebral glycogen stores were completely 
exhausted but the cardiac glycogen rose by 30% 
Similar administration of deprinil to rats starved for 
24h produced a three-fold increase in hepatic 
glycogen but cardiac and cerebral glycogen reserves 
were slightly affected. Activity of enzyme catechol O- 
methyl transferase (COMT) in the adrenals of fed rats 
declined by 47% after selective inhibition of MAO by 
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deprinil but enzyme phenylethanolamine N-methyl 
transferase (PNMT) showed an increase of 20% from 
non-treated values. Both these enzymes in the adrenals 
were more severely affected by deprinil in 24 h starved 
rats since the decrease in COMT and the increase in 
PNMT were more marked than in the fed animals. 
Adrenaline stores in the adrenal gland showed an 
increase but noradrenaline stores declined after 
deprinil administration to fed rats. The starved rats 
treated with deprinil demonstrated increased levels of 
adrenal noradrenaline as well as adrenaline from the 


Effects of drugs on suppressed 
responding 
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A type of procedure that has been widely used in 
studies in behavioural pharmacology has been 
variously called ‘conflict’ or ‘punishment’. Repetitive 
responding of the nature of repeated operations of an 
electrical key by a subject is maintained by a schedule 
of reinforcement and then, during signalled periods of 
time, responses are followed by a noxious stimulus 
according to a program. During the signalled periods, 
responding is suppressed to a greater or lesser extent, 
depending on parameter values. This type of 
procedure has been studied in pigeons, rats and 
monkeys. There are two main reasons for the 
popularity of the procedure in pharmacology. First, 
the results by different investigators from Geller & 
Seifter (1960) to the present time have been very 
consistent in showing clearly differential effects of 
important classes of behaviour-affecting drugs: 
suppressed responding is increased, ie. more 
responding occurs, following effective doses of 
chlordiazepoxide and barbiturates but not by 
amphetamine or chlorpromazine which may increase 
the suppression (Kelleher & Morse, 1968; Dews & 
DeWeese, 1976). Second, the results lend themselves 
to plausible descriptions in terms of ‘fear’ and ‘anxiety’ 
that are attenuated by minor tranquillizers. 

It has never been demonstrated, however, that the 
selective effects of the drugs are related to the noxious 
stimulus (in practice, an electric shock). In the present 
work responding has been suppressed by a stimulus 


value of control rats. Expressing MAO activity per mg 
of glycogen in each organ and comparing it with 
MAO per mg of tissue or protein showed direct 
correlation with variations in glycogen content and 
MAO activity. The results provide evidence about an 
important link between the regulatory processes of 
carbohydrate metabolism and the control of MAO 
activity in male rats. The use of deprinil also suggests 
that selective inhibition of MAO activity may have 
important consequences upon physiological processes 
of metabolism with respect to glucose and glycogen. 


that is in no way noxious. A rhesus monkey is seated 
in an isolation chamber with a small lever in 
comfortable reach in front. When the monkey presses 
the lever, a white light appears and remains on for 30 s 
and then goes off. During this period time is being 
accumulated towards a total interval of between 30 s 
and 5min; when that predetermined interval has 
accumulated, the white light goes out and the next 
response produces food. The white light therefore 
merely signals that time is being accumulated toward 
the moment when food will again be available; 
nevertheless, the white light suppresses responding. 
Responding in the presence of the white light is 
increased by chlordiazepoxide HCI (10—100 pm/kg) 
and pentobarbital Na (10~30uM/kg) but not by 
chlorpromazine HCl (1—10yM/kg) or meth- 
amphetamine HC1 (1—10 uM/kg), thus being affected 
by drugs just like responding suppressed by electric 
shock. It seems that the selectivity of the drugs 
depends on the characteristics of the controls of the 
responding and not on the ‘fear’ and ‘anxiety’ 
engendered by electric shocks and so the 
commonsense interpretation of ‘conflict? and 
‘punishment’ situations is misleading. 
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induced in nigro-striatal lesioned rats 
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A number of compounds related to tryptamine and 
three piperidinyl-indole derivatives have been 
examined for their effects on the circling behaviour in 
nigro-striatal lesioned rats. 

Sprague Dawley rats were electrolytically lesioned 
in the right striatum (A 8.2, L 3.0, H-0.8) (König & 
Klippel, 1963) or injected with 6-hydroxydopamine in 
the right substantia nigra (Ungerstedt, 1971). 

The following compounds were tested: tryptamine 
HCI (10 mg/kg ip.), 5-methoxytryptamine (S5-MT; 
5 mg/kg i.p.); 5-methoxy N, N-dimethyltryptamine (5- 
MDT; 1 or 2 mg/kg i.p.), (+)}-5-hydroxytryptophan (5- 
HTP; 200 mg/kg i.p.) LSD (0.2 or 1 mg/kg ip.), 
methysergide maleate (5 mg/kg 8.c.), 3-(4-piperidiny]) 1 
H-indole HCI (PI or RU 22424) and the corresponding 
5-hydroxy- and 5-methoxy-substituted indole 
derivatives (5-HPI and 5-MPI or RU 23686), 10 or 
20 mg/kg i.p. 

In striatal lesioned rats, tryptamine and the 5- 
substituted derivatives (5-MT, 5-MDT, 5-HTP) were 
inactive as well as methysergide while LSD caused 
ipsilateral circling at the high dose used (1 mg/kg). 
Although PI and 5-HPI had no effect, 5-MPI 
(10 mg/kg) induced a long lasting contralateral turning 
behaviour (maximum 3rd h. ipsilateral turns 
12 + 3/contralateral turns 208 + 26, n= 36). 

When tested I h after scopolamine bromhydrate (10 
or 25 mg/kg i.p.) no modification was observed for 
tryptamine, 5-MT, 5-MDT, and methysergide, while 
LSD-induced ipsilateral turning was potentiated. In the 
piperidinyl-indole series scopolamine revealed a strong 
contralateral rotating behaviour with PI (maximum 3rd 
h., ipsilateral turns 66+12/contralateral turns 
191 +22, n=22) similar to the effects of 5-MPI which 
were prolonged in these conditions. 


In nigral lesioned rats the tested compounds were 
inactive except LSD (0.2 mg/kg) which induced strong 
contralateral turning and 5-MPI which, at the highest 
dose only (20 mg/kg) provoked a biphasic response 
characterized by ipsilateral turning followed by contra- 
lateral turning in some animals. 

The direction of rotations observed with 5-MPI 
alone of PI after treatment with a cholinolytic in striatal 
lesioned rats, and their inefficiency at the same dose in 
supersensitive 6-hydroxytryptamine lesioned rats are in 
contradiction to a stimulation of post-synaptic striatal 
dopamine receptors. Blockade of these receptors is no 
more likely since PI and 5-MPI do not antagonize 
apomorphine-induced rotations but on the contrary 
potentiate them. Moreover there is no clear evidence for 
a role of tryptaminergic pathways in the mechanism of 
circling observed with PI and 5-MPI, since 5-HTP, a 
precursor of 5-HT, and 5-MT or 5-MDT, proposed as 
5-HT receptor stimulants do not exhibit any effect in 
the same experimental conditions. 

Just as some experiments have shown that rotations 
induced by dopamine receptor stimulants were not 
necessarily the consequence of an impairment in the 
nigro-striatal tract (Costall & Naylor, 1974; Pycock, 
Donaldson & Marsden, 1975), the results obtained 
with the two piperidinyl-indole derivatives clearly 
suggest that rotations do not solely originate from a 
classical dopamine receptor stimulating action. 
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facilitating action of benzodiazepines: 
rotational! behaviour after unilateral 
intranigral injection of chlordiazepoxide 
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Recent studies on the mode of action of 
benzodiazepines have indicated a facilitatory effect on 
GABA-aminergic transmission (Costa, Guidotti, Mao 
& Suria, 1975). Rotational behaviour, which has been 
associated with asymmetric activation of nigrostriatal 
dopamine (DA) mechanisms, has recently been 
induced by unilateral manipulation of GABA activity 
in the substantia nigra zona reticulata (SNR), 
presumably via a striato-nigral GABA modulation of 
activity in DA neurones located in the adjacent zona 
compacta (SNC). Thus blockade of nigral GABA 
receptors by unilateral intranigral injection of 
picrotoxin induces contralateral rotation (Tarsy, 
Pycock, Meldrum & Marsden, 1975), while elevation 
of nigral GABA level by injection of a GABA 
transaminase inhibitor produces ipsilateral rotation 
under the action of amphetamine and apomorphine 
(Dray, Oakley & Simmonds, 1975). If 
benzodiazepines exert a facilitation on GABA- 
minergic transmission then their unilateral injection 
into SNR should induce ipsilateral rotation. 

Male Sprague-Dawley rats (150+20g) were 
anaesthetized with ether and unilateral injections 
of the soluble benzodiazepine chlordiazepoxide 
hydrochloride (CDP; I pug in 1 pl saline) were made 
stereotaxically into SNR. Control animals received 
l yl saline. Immediately post injection they were 
placed in automated rotameter bowls and rotation 
measured continuously for 60 minutes. 

Animals receiving CDP injection showed a weak 
ipsilateral circling/postural deviation on recovery. 
When pretreated with (+)}amphetamine (5 mg/kg) 
prior to CDP injection, however, rats showed intense 
ipsilateral circling that significantly exceeded the mild 


circling induced by control procedures (P< 0.01). 
Only weak circling was seen after apomorphine pre- 
treatment. With histologically confirmed injections 
into the region of DA-containing cell bodies (SNC), 
both CDP and saline induced a mild, in- 
distinguishable, ipsilateral circling. An analysis of 
variance showed a statistically significant (P < 0.05) 
depth x treatment interaction at 30 minutes. The 
induction of intense circling in amphetamine 
pretreated animals by CDP injection was mimicked 
by injections into SNR of the GABA-analogue 
baclofen (§}p-chlorpheny]l)-GABA; O.lug in lw 
saline; P< 0.01 compared with controls). These effects 
of both CDP and Lioresal injections into SNR were 
reduced to control levels by i.p. injection of the GABA 
antagonist picrotoxin (2 mg/kg). 

There is some debate on the exact nature of 
synaptic GABA-DA interactions in SNR (Dray & 
Straughan, 1975). This CDP effect is, however, 
mimicked by the GABA-analogue baclofen and 
both effects are attenuated by the GABA antagonist 
picrotoxin. These effects are confined to the GABA 
containing SNR. Such results indicate a facilitatory 
effect of chlordiazepoxide on GABA transmission and 
suggest that this rotational model may be useful in the 
preclinical assessment of benzodiazepines. 


J.L.W. is an MRC scholar. Chlordiazepoxide and baclofen 
were generous gifts of Roche Products Ltd and Ciba 
Laboratories respectively. 
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The behavioural effects of EOS-induced 
changes in substantia nigra GABA 
levels 


G. KOOB, MARINA DEL FIACCO & SUSAN D. 


IVERSEN 


Department of Experimental Psychology, 
Street, Cambridge 


Downing 


GABA levels in the substantia nigra (SN) are raised 
after local injection of ethanolamine-O-sulphate (EOS), 
an inhibitor of GABA: glutamate transaminase (Dray, 
Oakley & Simmonds, 1975). Dray, Fowler, Oakley, 
Simmonds & Tanner (1975) have reported lowered 
striatal dopamine levels on the side of the EOS injection 
and rotational behaviour consistent with asymmetrical 
striatal functioning. These effects faded after 5 days. 
We have studied the changes in spontaneous and 
amphetamine induced motor behaviour after bilateral 
injection of EOS into the SN (zona reticulata), 

Rats are implanted bilaterally with 23 gauge can- 
nulae to within 1 mm of a site in the zona reticulata 
of the SN. The co-ordinates were A, 3.0; L, 2.0; V, 6.8 
from the atlas of Pellegrino and Cushman. For the 
EOS injection the rat was held firmly and a 30 gauge 
injection cannula was lowered through the guide to a 
site 1 mm beyond the guide tip. EOS (200 pg/kg) was 
injected in 1.5 yl of saline over a 2 min period. Control 
rats received a 1.5 yl of vehicle solution under 
identical conditions. Thirty minutes elapsed between 
the injections on the two sides of the brain. Behaviour 
was observed immediately following the EOS 
injection. Twenty-four and 72h after the injection 
spontaneous locomotor behaviour was measured for 


Platelet uptake of 
[*4C]-5-hydroxytryptamine in 
‘emotional’ and ‘non-emotional’ rats 


J.R. BOISSIER, F. GODEFROY, 
P. SOUBRIE, M.H. THIEBOT & 
J. WEIL-FUGAZZA 


Unité de Neuropsychopharmacologle de rINSERM, 2 rue 
dAlésia, 75014 Paris, France 


A method has been developed in our laboratory for 
selecting rats characterized by a high level of 
emotionality (Boissier, Simon & Soubrie, 1975). We 
have undertaken studies in order to look for 
biochemical differences between ‘emotional’ (E) and 
‘non-emotional’ (NE) rats. We report here data 
concerning 5-hydroxytryptamine (5-HT) uptake by 
blood platelets. Such a study is of interest because the 


30min and stereotyped behaviour was rated. 
(+ )}-Amphetamine (1.5 mg/kg) was then administered 
and these behaviours recorded for 2 hours. The EOS 
injection was repeated at weekly intervals. The 
cannulae placements were verified histologically at the 
end of the experiment. 

Immediately following the EOS injection con- 
tralateral turning occurred (i.e. away from the 
injection side). When the injection was given on the 
second side turning in the opposite direction occurred. 
Stereotyped behaviours including sniffing and biting 
were also seen soon after the injection and were still 
pronounced 24 h later. At this time (+)-amphetamine 
(1.5 mg/kg) intensified the on-going stereotyped 
behaviour both in its nature and duration. These effects 
became more pronounced after each weekly EOS 
injection. 

The results suggest that raising GABA levels in the 
zona reticulata of the SN results in heightened 
functional activity of the dopamine-containing nigro- 
striatal tract. This activity results in spontaneous 
stereotypy and enhanced motor responses to 
amphetamine. The nigro-striatal system appears to 
become progressively sensitized to the EOS treatment. 
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uptake of amines by platelets is thought to be a model 
for some aspects of aminergic brain function. 

The experiment was performed on 14 Erats and 14 
NE rats. Two fractions of 1 ml of platelet-rich plasma 
were prepared for each rat. The uptake of [4C]-5-HT 
(25 nmol, 1 pCi/ml) was measured at suitable time 
intervals. Statistical analysis (Student’s ¢ test) of the 
results (expressed in d.p.m.x 10° per 107 platelets) 
indicates that 5-HT uptake by platelets is lower in E 
rats than in NE rats: 


Time of 

incubation 

{min} 5 75 30 

E rats 1.97 0.13 3.60+0.13 6.52 +0.35 
NE rats 2.00 +0.07 4.88 +0.21 7.82 +0.40 


ns P<0.001 P<0.02 
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If the mechanism of uptake by platelets is indeed a 
model for uptake by neurons (Trenchard & Turner, 
1975), then our results are indicative of a reduced 5- 
HT uptake at the neuronal level in E rats. Using the 
method proposed by Carlsson, Corrodi, Fuxe & 
Hokfelt (1969), we tried to further evaluate uptake of 
5-HT in the brain. According to these authors the rate 
of 5-HT depletion caused by H75/12 compound (4- 
methyl-a-ethyl-m-tyramine) gives an indication of 
the rate of uptake at the level of the neuronal cell 
membrane. 

The experiment was performed on 12 E rats and 12 
NE rats. We observed that, when E rats are treated 
with H75/12 (25 mg kg~') for 1h, the brain 5-HT 
level is decreased 21%. Under the same conditions the 
brain 5-HT level of NE rats is decreased 43%. The 
difference between these two percentages is significant 
(0.02 < P <0.05). 

This result is in agreement with the hypothesis that 
5-HT uptake at the neuronal level is reduced im E rats. 


Effects of p-chlorophenylalanine and 
a-methyltryptophan on rat social 
behaviour 


G. CURZON & C.A. MARSDEN 


Department of Neurochemistry, Institute of Neurology, 
Queen Square, London WC! 38G 


Previously we have studied the effect on rat motor 
activity of an inhibitor of 5-hydroxytryptamine (5-HT) 
synthesis, p-chlorophenylalanine (PCPA), and its 
reversal by the 5-HT precursor tryptophan (Marsden 
& Curzon, 1976), In the present communication the 
effects of PCPA on social behaviour are compared 
with those of a-methyltryptophan (AMTP), a drug 
which induces tryptophan pyrrolase and thus 
decreases brain 5-HT synthesis by depleting the 
precursor tryptophan (Sourkes, Missala & Oravec, 
1970). 

Male Sprague-Dawley rats (110—130 g) were housed 
3 to a cage under a 12 h light/dark cycle for ten days. 
Six cages of rats were then injected with PCPA 
(200 mg/kg ip.) and six with (+}AMTP (150 mg/kg 
i.p.). Controls were injected with the vehicle medium 
(0.5% Tween in 0.9% saline). Various components of 
social behaviour in the home cage were observed for 5 
min under red light during the first 90 min of the dark 
period. Observations were made 24 and 72h after 
injection. Locomotor activity was measured 


But investigations of uptake by synaptosomal 
preparations are necessary to provide further support 
for this hypothesis. 
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simultaneously using an Animex activity meter. The 
amount of food eaten/24 h was also measured. Either 
24 or 72 h after drug treatment the rats were killed and 
brain 5-HT and 5-hydroxyindoleacetic acid (S5-HIAA) 
determined (Curzon & Green, 1970). 

Both drugs reduced food intake during the first 24 h 
after injection but it was normal by 72 hours. PCPA 
markedly reduced 5-HT synthesis at 24 and 72 h with 
a significant decrease of 5-HT (4h, —42%; 72h, 
—53%) and 5-HIAA (24 h, —51%; 72 h, —67%). This 
was associated at 24 h (but not at 72 h) with increased 
locomotor activity (P<0.05) and increased 
interactions between rats involving sniffing and biting 
(P <0.01), fighting (P< 0.01) and mounting (P < 0.01). 
Self-grooming was decreased (P < 0.05). AMTP also 
decreased 5-HT turnover as brain 5-HIAA was 
reduced (24 h, —41%; 72h, —43%) but 5-HT con- 
centrations appeared to increase presumably due to 
the formation of a-methyl-5-HT (Roberge, Missala & 
Sourkes, 1972). In contrast to PCPA, AMTP had no 
significant effect on any of the above components of 
social behaviour or net locomotor activity. Self- 
grooming was increased at 24 h (P<0.01) and at 72h 
(P<0.05) and burrowing was increased at 24h 
(P <0.01). a-Methyl-5-HT is formed by the action of 
tryptophan hydroxylase (Gal & Christiansen, 1975). 
To investigate whether a-methy!-5-HT was involved in 
the behavioural effects of AMTP tryptophan 
hydroxylase was inhibited by injecting PCPA 
(100 mg/kg) on three consecutive days to 24 rats and 
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AMTP (150 mg/kg) was then given to 12 of these rats 
24 h after the last dose of PCPA. Twenty-four hours 
later there were no significant differences in social 
behaviour between PCPA and PCPA + AMTP treated 
rats. 

The results suggest that when rats are given AMTP 
the formation of a-methyl-5-HT opposes the 
behavioural effects of decreased 5-HT synthesis. 


References 


CURZON, G. & GREEN, A.R. (1970). Rapid method for the 
determination of 4-hydroxytryptamine and 5- 


hydroxyindoleacetic acid in small regions of rat brain. 
Br. J. Pharmac., 39, 653—655. 

GAL, EM. & CHRISTIANSEN, P.A. (1975). a- 
Methyltryptophan: Effects on cerebral mono-oxygenases 
in vitro and in vivo. J. Neurochem., 24, 89—95. 

MARSDEN, C.A. & CURZON, G. (1976). Studies on the 
behavioural effects of tryptophan and p- 
chlorophenylalanine. Neuropharmacology, 15, 165-171. 

ROBERGE, A.G., MISSALA, K. & SOURKES, T.L. (1972). a- 
Methyltryptophan: Effects on synthesis and degradation 
of serotonin in the brain. Neuropharmacology, 11, 
197—209. 

SOURKES, T.L., MISSALA, K. & ORAVEC, M. (1970). 
Decrease of cerebral serotonin and 5- 
hydroxyindolylacetic acid caused by (—)-alpha- 
methyitryptophan. J. Neurochem., 17, 111-115. 





Reversal of the action of 
y-aminobutyric acid (GABA) 
antagonists by barbiturates 


N.G. BOWERY 


Department of Pharmacology, St Thomas’ Hospital 
Medical School, London SE1 7EH 


Certain hypnotic barbiturates have been reported to 
activate receptors for the central inhibitory neuro- 
transmitter y-aminobutyric acid (GABA) in the 
isolated frog spinal cord (Nicoll, 1975a, b). Also they 
prolong post-synaptic inhibition in the feline 
hippocampus which may be mediated by GABA 
(Nicholl, Eccles, Oshima & Rubia, 1975). 

Sympathetic ganglion cells possess GABA- 
receptors which are analogous to those in the 
mammalian brain; activation of these receptors 
produces an easily measured depolarization (Bowery 
& Brown, 1974). This provided a model for testing the 
effect of barbiturates on GABA receptors. | 

Ganglion cell depolarization in the isolated 
desheathed superior cervical ganglion of the rat was 
recorded using extracellular Agt/AgC] electrodes. The 
ganglia were superfused at 1 ml/min with Krebs 
solution at 25°C containing hyoscine (2.6 pM) (Brown 
& Marsh, 1975). GABA (1—300 uM} or carbachol 
(15—100 uM) were applied alternately for 1 min 
periods at 10—15 min intervals. Both produced a dose- 
dependent depolarization. 

A depolarizing response to sodium pentobarbitone 
occurred only at high concentrations (>80 uM) and 
this was of low amplitude. A more striking effect, 
which could be observed at lower concentrations, was 


the reversal of the action of GABA-antagonists as 
shown in Figure la. When responses to GABA were 
reduced by bicuculline methochloride the 
simultaneous addition of sodium pentobarbitone 
restored responses to GABA. Pentobarbitone applied 
alone depressed responses to GABA and carbachol. 

Pentobarbitone reversed the effects of other GABA 
antagonists, picrotoxin, tetramethylene- 
disulphotetramine (Bowery, Brown & Collins, 1975) 
and isopropyl bicyclo phosphate (Bowery, Collins & 
Hill, 1976). In contrast it did not reverse the 
antagonistic effect of hexamethonium against 
carbachol (Figure 1b). This selectivity for GABA was 
also apparent with strychnine: this depressed responses 
to GABA and carbachol equally (Bowery & Brown, 
1974) but only the antagonism to GABA was reversed 
by pentobarbitone. 

Thiopentone and amylobarbitone were as active as 
pentobarbitone whereas hexobarbitone and 
butobarbitone were less potent. Barbitone and 
phenobarbitone were inactive at concentrations up to 
400 uM. 


References 


BOWERY, N.G. & BROWN, D.A. (1974). Depolarizing 
actions of y-aminobutyric acid and related compounds 
on rat superior cervical ganglia in vitro. Br. J. Pharmac., 
50, 205—218. 

BOWERY, N.G., BROWN, D.A. & COLLINS, J.F. (1975). 
Tetramethylene-disulphotetramine: an inhibitor of y- 


PROCEEDINGS OF THE 8.P.S., 15th—17th SEPTEMBER, 1976 457P 


a Me Bic 26 um 
60 80; 
M UM 
A CSSS 





AMMULI p 


33umM 8 a 


deemed 


9 


min 


Figure 1 Depolarizing responses to GABA (30 uM, a) and carbachol (33 pM, b) in two isolated superior 
cervical ganglia of the rat. (a) Reversal by sodium pentobarbitone (PB. 80 um) of the depression In responses to 
GABA produced by bicuculline methochloride (MeBlc. 26 um). (b) Lack of effect of sodium pentobarbitone (40 
and 120 uM) on the antagonism of responses to carbachol produced by hexamethonium (C, 75 um). Gaps 


indicate perlods >20 minutes. 
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Evidence for naloxone and opiates as 
GABA antagonists 


E. BREUKER, R. DINGLEDINE & 
LL. IVERSEN 


MRC Neurochemical Pharmacology Unit, Department of 
Pharmacology, Cambridge 


In several species the behavioural effects of opiates 
change from inhibition to excitation and finally 
convulsions, as the dose is increased. We report here 
several lines of evidence that the convulsant properties 
of drugs with chemical structures related to morphine, 
and in particular naloxone, may be the result of 
GABA receptor blockade. For each experiment male 
T.O. Strain mice 25—30 g were randomly divided into 
five groups of eight, and used only once. Bicuculline, 
strychnine HCl and naloxone HCI were administered 
intraperitoneally, and the presence of convulsions (end 
point: bilateral clonic or tonic extensions of hindlimbs} 
was noted over the folowing 30 minutes. The data 
were analysed by the method of Litchfield & Wilcoxon 
(1949). Naloxone caused convulsions in mice, with an 
ED,, of 190 mg/kg (as the base). Pretreatment of mice 
with a subconvulsant dose of naloxone (90 mg/kg ip. 
5 min before challenge) significantly (P< 0.05) 
reduced the ED,, for bicuculline convulsions (potency 
ratio = 2.2), while not affecting the dose-response for 
strychnine (potency ratio=—1.1). On the other hand, 
diazepam pretreatment (5 mg/kg i.p. 30 min before 
challenge) significantly increased the ED,, of both 
bicuculline and naloxone (in both cases potency 
ratio=0.5) while not affecting strychnine-induced 
convulsions (potency ratio= 1.2). 


Actions of enkephalin and morphine 
on spinal cord and brain 
stem neurones 


J. DAVIES & A. DRAY 


Department of Pharmacology, The School of Pharmacy, 
29/39 Brunswick Square, London WCIN 1AX 


Enkephalin occurs in brain tissue as two 
pentapeptides, methionine (ME) and leucine 
enkephalin (LE) (Hughes, Smith, Kosterlitz, 
Fothergill, Morgan & Morris, 1975) and has been 
suggested to be the endogenous ligand for the opiate 
receptor in the CNS (Kosterlitz & Hughes, 1975). 
While this compound mimics the actions of morphine 
at peripheral sites (Hughes, 1975; Hughes et al., 1975) 
and possesses analgesic activity when administered 


In other experiments, bicuculline, naloxone, 
morphine, levorphanol and dextrorphan were found to 
displace PH]-GABA from GABA receptor sites in 
homogenates of human cerebellum, using the GABA 
binding assay of Enna & Snyder (1975). Each drug 
was tested with 4—6 concentrations, each in duplicate. 
The IC,ọs Gin pM) for the above drugs were 8, 308, 
400, 250 and 300, respectively. 

Finally, naloxone was tested for its ability to block 
the inhibition evoked by iontophoretically applied 
GABA on single neurones in the rat nucleus 
accumbens and olfactory tubercle. Multibarrelled 
pipettes (tips 4—6u) were filled with 4M NaCl 
(recording and current balancing barrels), 1 M GABA 
pH 4.8 and 50mM naloxone in 100mM NaCl, 
pH 5.0. When tested in this way, naloxone applied by 
microiontophoresis completely and reversibly 
antagonized GABA-evoked inhibition in 6 of 10 
neurones. 

It is postulated that the behavioural excitation seen 
after administering large amounts of some opiates or 
opiate antagonists may reflect functional blockade of 
GABA-inhibitory systems. 
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intracerebroventricularly (Belluzzi, Grant, Garsky, 
Sarantakis, Wise & Stein, 1976) its effects on 
individual central neurones are unknown. 

Conventional electrophysiological and micro- 
electrophoretic techniques have been used to 
investigate the actions of synthetic methionine and 
leucine enkephalin on single neurones in the spinal 
cord of the pentobarbitone anaesthetized cat and in 
the pons-medulla of the urethane anaesthetized rat. 
The same multi-barrelled glass micropipettes were 
used in experiments on each species. 

In the spinal cord, morphine consistently excited 
Renshaw cells but not other non-cholinoceptive 
interneurones (Duggan, Davies & Hall, 1976). This 
property was shared by enkephalin, ME being more 
consistent in this respect than LE. Both morphine and 
enkephalin-induced excitation was reversibly reduced 
by the narcotic antagonist naloxone. Neither 
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morphine nor enkephalin depressed the firing rate of 
any of the spinal neurones studied, however, 
enkephalin selectively reduced acetylcholine-induced 
but not morphine-induced excitation of Renshaw cells. 
By contrast, morphine enhanced the actions of 
acetylcholine and amino acid excitants on these 
neurones and also antagonized the depressant action 
of glycine on spinal neurones whereas enkephalin did 
not modify this action of glycine. 

The effects of morphine and enkephalin on brain 
stem neurones were qualitatively similar to those 
observed on spinal cord neurones. Hence, excitation 
was the predominant effect of enkephalin and 
morphine on brain stem neurones. These neurones 
could also be excited by acetylcholine, Occasionally, 
enkephalin and morphine caused a reduction in cell 
firing rate. As in the spinal cord ME was a more 
effective excitant than LE. Morphine enhanced the 
excitatory effect of acetylcholine and reduced glycine- 
induced depression whereas enkephalin reduced the 
response to acetylcholine and did not affect glycine 
depression. 

These observations provide direct evidence that 
enkephalin acts on central opiate receptors and are 
consistent with the hypothesis that enkephalin is the 
endogenous ligand for the stereospecific opiate 


receptor (Kosterlitz & Hughes, 1975). However, it is 
not clear whether the additional properties of 
enkephalin, not shared by morphine, are of 
physiological importance. 

This work was supported by an MRC programme grant to 
Professor D.W. Straughan. We are grateful to Dr B.A. 
Morgan (Reckitt and Colman Ltd) for gifts of enkephalin 
and Endo Laboratories Inc. for naloxone hydrochloride. 
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The effects of morphine and met- 
enkephalin on nociceptive neurones 
in the rat thalamus 


R.G. HILL & C.M. PEPPER 


Department of Pharmacology, University of Bristol, 
Bristol BS8 ITD 


Morphine applied iontophoretically has been found to 
both excite and depress the activity of single central 
neurones (Bradley & Dray, 1974; Satoh, 
Zieglgansberger & Herz, 1975; Duggan, Davies & 
Hall, 1976). In contrast, we have found that 
iontophoretically applied met-enkephalin (Hughes, 
Smith, Kosterlitz, Fothergill, Morgan & Morris, 1975) 
is predominantly depressant (Hill, Pepper & Mitchell, 
1976). We have therefore investigated the actions of 
morphine and met-enkephalin on the same population 
of neurones and, to increase the relevance of the study 
to analgesic mechanisms, we have confined our study 
to nociceptive neurones located in the rat thalamus. 
Adult male rats were anaesthetized with 1% 
halothane in oxygen. Single unit recordings were made 
from the central barrel of a 5-barrelled micropipette 
stereotaxically placed in the thalamus. Recording and 
current balancing barrels were filled with 4 M NaCl. 


Other barrels contained combinations of L-glutamate 
(0.5M, pH 8.5), GABA (0.5M, pH 3.0) morphine 
hydrochloride (50 mM, no adjustment of pH) and 
synthetic met-enkephalin (8 mM, no adjustment of pH) 
for iontophoretic application. Techniques for ex- 
tracellular recording of action potentials and 
iontophoresis of drugs were conventional. Nociceptive 
neurones were identified by their consistent increases 
in firing rate following noxious stimulation of the tail 
(Helon & Mitchell, 1975). Stimuli used were 
immersion of the tail in hot (S0—55°C) water for 
30—45s or a strong pinch with a thermometer clamp. 
Twenty-two nociceptive neurones were identified in 16 
rats. 

Intravenous morphine (hydrochloride; 0.6 to 
5.0 mg/kg) prevented or greatly reduced the increase 
in firing rate produced by noxious stimulation. This 
effect was typically rapid in onset (<2 min) and of 
long duration (up to 70 min). Intravenous naloxone 
(hydrochloride; 0.15 to 0.6 mg/kg) reversed this 
action of morphine. Similar results have been obtained 
by others in studies of nociceptive neurones in the 
dorsal horn of the cat spinal cord (Le Bars, Menetrey, 
Conseiller & Besson, 1975). 

The change in the firing rate of the thalamic 
neurones in our study may have been secondary to a 
change in the presynaptic volley exciting them, since 
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the discharge in ventrolateral tract axons is much 
reduced by intravenous morphine (Jurna & 
Grossman, 1976). However, direct iontophoretic 
application of either morphine (10—40 nA) or met- 
enkephalin (0-100 nA) to nociceptive neurones was 
found to depress both spontaneous and glutamate 
evoked activity and to prevent the excitant effects of 
noxious stimulation. No evidence of excitation of these 
neurones by morphine was seen. 

Thus, on this restricted population of neurones at 
least, the actions of morphine and enkephalin are 
similar. This investigation would therefore lend 
support to the suggestion (Kosterlitz & Hughes, 1975) 
that enkephalin may function in the brain as an 
endogenous morphine-like factor controlling the 
appreciation of noxious stimuli. i 


This work was supported by the MRC and C.M.P. is an 
MRC scholar. We would like to thank Dr B. Morgan of 
Reckitt & Colman Ltd., for the gift of synthetic met- 
enkephalin. 
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The pentapeptide sequence of methionine—enkephalin 
(met—E, Tyr-Gly-Gly-Phe-Met) is also the N-terminal 
sequence of the C-Fragment of -lipotropin, a 31 
residue peptide which is found in considerable 
quantity in the pituitary (Bradbury, Smyth & Snell, 
1975). This peptide has a high affinity for brain opiate 
receptors, as measured by competition with [°HI]- 
naloxone and [H]-dihydromorphine for binding to a 
washed membrane preparation. The potency of C- 
Fragment is equally great against the two tritiated 
Opiates, a characteristic of morphinoid antagonists, 
but not of agonists (Pert & Snyder, 1974) or 
methionine—enkephalin, which display greater 
potency against dihydromorphine than against 
naloxone (Bradbury, Smyth, Snell, Birdsall & Hulme, 
1976). 
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The removal of residues 30 and 31 (Gly-Gln) from 
C-Fragment has little effect on the binding properties, 
but further removal of residues 28 and 29 (Lys-Lys) 
reduces the affinity by a factor of 20 (Bradbury et al., 
1976). This suggests that interaction of C-terminal 
residues, including lysines 28 and 29, with the receptor 
may make an important contribution to the binding of 
C-Fragment, both augmenting the affinity and 
modifying the binding properties of the N-terminal 
pentapeptide sequence. Direct evidence for the 
existence of a binding site for the C-terminal comes 
from the observation that the  tridecapeptide, 
composed of residues 19-31, inhibits [7H]-naloxone 
and [*H]-dihydromorphine binding, with an IC., of 
3x 10-*m, despite the absence of the met—E 
sequence. 

The binding site for the N-terminal region of C- 
Fragment has been probed by investigating the 
binding properties of a series of analogues of met—E. 
N-methylation of met-—E, or conversion of the 
carboxyl terminal to an amide group produces a 2—4 
fold increase in the affinity without affecting the 
morphine-like binding properties of met—E. However, 
N-carbamylation, benzylation of the tyrosine 
hydroxyl group, or substitution of the 2-glycine 
residue by l-proline, or l-alanine all drastically reduce 
binding affinity. Substitution of sarcosine in the 2- 
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position reduces the potency against [°H]-naloxone 
thirty-fold, but produces a much larger effect on the 
potency against [>H]-dihydromorphine. 

Although the binding properties of C-Fragment 
resemble those of the alkaloid antagonists, it is a 
potent central analgesic (Feldberg & Smyth, 1976), 
and acts as a full agonist on the guinea pig ileum 
(Hughes & Kosterlitz, personal communication). The 
presence of two binding sites for C-Fragment may 
account for this unexpected combination of properties. 


The authors wish to thank Pramila Mehta and Derek 
Massey for skilled technical assistance. 
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DEMONSTRATIONS 


Prostaglandin E, released from the 
kidneys of genetic hypertensive rats 
contributes to the vasoconstrictor 
supersensitivity to angiotensin Il in vitro 


J.M. ARMSTRONG & N. LATTIMER 


Wellcome Research Leboratories, Beckenham, Kent 


Prostaglandin E, (PGE,) causes vasodilation in the 
kidneys of dogs or cats and when synthesized and 
released in response to angiotensin II (AI, attenuates 
the magnitude of the AI vasoconstriction (Aiken & 
Vane, 1973; Needleman, Johnson, Jakschik, Douglas 
& Marshall, 1974). However, in rat kidneys, PGE, or 
its precursor arachidonic acid produces vasoconstric- 
tion (Malik & McGiff, 1975). An exaggeration of this 
vasoconstriction due to a relative lack of 15-hydroxy- 
prostaglandin dehydrogenase could be the primary 
inherited abnormality responsible for hypertension in 
inbred New Zealand hypertensive (GH) rats 
(Armstrong, Blackwell, Flower, McGiff, Mullane & 
Vane, 1976). We have now investigated the possible 
interactions of AH (Val hypertension I amide, Ciba 
or Val? Iet Cambrian Chemicals) and angiotensin III 
(AOI) (Des-aspartate AH Ciba; AIH Cambrian 
Chemicals) with PGE, or arachidonic acid in the renal 
vascular bed of normotensive and GH rats. 

Kidneys of male GH rats (indirect systolic blood 
pressure 160—190 mmHg) weighing 220—260 g and of 
17—19 weeks of age were used and compared with 
those of normotensives (Otago Wistar or Charles 
River Wistar, 110-130 mmHg) of similar sex and 
body weight. Both kidneys of each animal were 
perfused at 20 ml/min in vitro and the PGE-like 
activity in the effluent bioassayed as previously 
described (Armstrong et al., 1976). 

Intra-arterial infusion of arachidonic acid (100— 
1000 ng/ml) or injections of AII (1.25 ng— 
80 ng) increased perfusion pressure indicating 
vasoconstriction. In addition, AI and arachidonic 
acid released PGE-like activity as shown by 
contractions of the assay tissues, especially the chick 
rectum which is insensitive to AII. The vasoconstric- 
tor response to AII or arachidonic acid in 
preparations from GH rats was approximately 2 times 
greater than in kidneys from normotensives. Smaller 
amounts of ATI were needed in kidneys from GH rats 


for the release of PGE-like activity (2.5-5.0 ng) than 
in preparations from normotensive animals (5—10 ng). 
AII also released PGE-like activity, but the kidneys 
of either group were less sensitive to its vasoconstric- 
tor effects, needing 4 times the dose to give a 
comparable effect to ALH. Indomethacin infusions 
(1—2 pg/ml) reduced the magnitude of the vaso- 
constriction to either AIL or AHI, prevented the 
appearance of the PGE-like activity and abolished 
vasoconstriction induced by arachidonic acid. 

These findings indicate that the released PGE-like 
substance which accompanies the renal vasoconstric- 
tion to AII or AII augments the response. Both the 
augmentation and the vasoconstriction are greater in 
kidneys from hypertensive rats. The failure of 
exogenous PGE, (0,1~-1.0ng) in the presence of 
indomethacin, to potentiate the vasoconstriction to 
AII is in contrast to findings with noradrenaline 
(Armstrong et al, 1976) and suggests that AI 
stimulates vascular sites different from those 
stimulated by noradrenaline, requiring endogenously 
synthesized PGs for augmentation. As the kidneys of 
GH rats were still more sensitive to ATI than were the 
normotensive rats when prostaglandin synthesis had 
been inhibited by indomethacin, other factors, e.g. 
structural changes in vessel walls, may also contribute. 
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A device for controlling perfusion 
pressure 


D.C. CARDINAL & T.W.K. HILL 
(introduced by J.M.G. WALKER) 


Pharmacology Laboratory, Wellcome Research 
Laboratories, Langley Court, Beckenham, Kent BR3 3BS 


A control unit has been developed for the perfusion of 
vascular beds. It will maintain a chosen constant 
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Figure 1 


perfusion pressure or cause it to follow variations in 
systemic arterial pressure. The control unit (Figure 1) 
is used in conjunction with a polygraph (Beckman 
R411) for recording systemic arterial and perfusion 
pressures and a roller pump (Watson-Marlow, MHRE 
200). 

Voltages transduced from the recorded pressure 
signals are taken from the polygraph pre-amplifiers 
and fed into buffer amplifiers to prevent any 
interaction between the control unit and the 
polygraph. Comparison between the voltages derived 
from the perfusion pressure and either the systemic 


arterial pressure or the manually preset, constant 
pressure, enables the difference to be detected and 
amplified. This difference is fed into an integrating 
amplifier, the output of which provides a voltage for 
controlling the pump via its own control circuit. 

The instrument is an improvement on previous 
electronic designs (Lowe, 1966; Critchley, Ungar & 
Whelpdale, 1974) in that it is compact and easy to 
operate and allows the pump to operate over its full 
speed range. It is also an improvement on the Starling 
pneumatic resistance method (Ono, Kokubun & 





Integrator 


Control unlt. 


Hashimoto, 1974) as it does not require cannulation of 
an extra vessel for the shunting of blood. 
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A simple and inexpensive method for 
the intracerebral administration of 
drug solutions to the conscious rat 


P. DAWES & P.H. REDFERN 


Schoo! of Pharmacy and Pharmacology, University of 
Bath, Claverton Down, Bath BA2 7AY 


Many different cannula systems have been designed to 
allow the direct application of drugs to discrete brain 
areas of conscious animals (Myers, 1971; Harvey & 
Stevens, 1975). The major technical problem lies in 
securing the device to the skul and consequently 
many of the cannula systems are complex and hence 
expensive. The system detailed here is both 
inexpensive and simple to construct. 

Cannula guides consist of 23 swg stainless steel 
tubing cut to the required length and electrochemically 
cleaned of burr. The length of each guide is obviously 
dictated by the topographical location of the brain 
area under investigation but certain minimum 
requirements are apparent. Thus, 4 mm is sufficient to 
allow positioning in the stereotaxic cannula-guide 
carrier and a further 4mm for cementation. This 
portion carries a small ball of epoxy-resin (2—3 mm 
diameter) which acts as guide anchorage and prevents 
movement of the tube in the vertical plane. The 


remaining part of the cannula guide which lies below , 


the cranium is of length such that the tip rests 2—3 mm 
above the area under investigation. 

Stilettes, which remain within the cannula-guides at 
all times other than when injecting, are also simply 
constructed. Stilette shafts of 30 swg, non-ferrous wire 
are coated with a water repelling agent (dimethyl- 


dichlorosilane) and bent, at one end, over a 3—4 mm 
length of polythene tubing (I/D 0.86 mm) and secured 
in place with a 3mm ball of epoxy resin. This 
facilitates removal of the stilette from the guide, and 
the cylinder of polythene, which fits closely over the 
guide tube provides anchorage and prevents access of 
foreign material into the underlying tissue. The tip of 
the shaft lies flush with that of the cannula guide. 

The cannula guides are stereotaxically positioned 
and then secured to the surface of the cranium with 
polymethyl methacrylate. Sufficient cement is used 
such that both the guide anchorage and the whole of 
the incised area are covered. The cement is dried by a 
stream of warm air for 3—4 min before unclamping the 
guide from the stereotaxic apparatus. Stilettes are then 
fitted and the animals housed individually for 5 days 
before experimentation. 

Drug solutions are injected through a 30 swg 
cannula at a rate of 0.47 ul/min and in a volume of 
0.5 ul Injection placements have been histologically 
verified following the infusion of 0.5ul of 1% 
methylene blue and 4 days storage of tissues in 8% 
formyl saline at 4°C. Placements were found to be 
consistently reproducible. 
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Central and peripheral inhibition 
of the milk-ejection reflex: 
studies with -adrenoceptor 
antagonists 


G. CLARKE & D.W. LINCOLN 


Department of Anatomy, The Medical School, University 
of Bristol 


Most species of mammal fail to milk eject when they 
are anaesthetized and suckled by their young. This 
could be the result of high circulating levels of 
adrenaline, either blocking the release of oxytocin 
from the neurohypophysis or preventing the action of 
the hormone on the mammary gland (Cross, 1955). 
Rats are an exception and will milk eject when 


anaesthetized (Lincoln, Hill & Wakerley, 1973), 
though an appreciable number, too many for some 
forms of experimental study, still fail to respond to the 
suckling stimulus. The rat mammary gland is sensitive 
to the actions of adrenaline, but the effects can be 
eliminated by f-adrenoceptor antagonists (Bisset, 
Clark & Lewis, 1967). Thus we have questioned 
whether central or peripheral adrenoceptor stimulation 
might explain the failure, or partial failure, of some 
anaesthetized rats to milk eject when suckled. 

Rats, at day 7—10 of lactation and separated from 
their young for 16 h, were anaesthetized with urethane 
(1.2 g/kg, Lp.), and two teat ducts were cannulated for 
the measurement of intramammary pressure. Three 
hours later, and while the animals were still deeply 
anaesthetized, 10 pups were applied to the 
uncannulated nipples. Each milk ejection in the next 
3h was recorded; each ejection was associated with 
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an abrupt rise in intramammary pressure and a 
behavioural response from the young. 

Of 166 rats studied, 90 began to milk eject within 
60 min of the young being applied to the nipples and 
thereafter gave milk ejections at regular intervals. 
Propranolol (1 mg/kg, i.v. or i.p.) was given to 49 of 
those which did not milk eject within 1h, and 42 
(86%) subsequently milk ejected. Of 27 rats that were 
left untreated only 3 (11%) began to milk eject. By 
contrast, practolol (1 mg/kg, iv.) promoted milk 
ejection in only 1 of 10 animals—8 of the 9 failures 
milk ejected after being given propranolol. 
Intravenous infusions of adrenaline or isoprenaline 
(0.1—1.0 pg/min) abolished the milk-ejection reflex but 
simultaneously reduced the mammary response to 
exogenous oxytocin; both these actions were 
antagonized by propranolol. It is unlikely, however, 
that the failure of some rats to milk eject when 
anaesthetized and suckled is due to circulating 
adrenaline depressing the gland response. Such 
animals display a normal sensitivity to exogenous 


Effects of ethanol and 
chlordiazepoxide on social 
interaction in rats 


SANDRA E. FILE, J. HYDE & M. POOL 
(introduced by M.J. NEAL) 


Department of Pharmacology, The School of Pharmacy, 
University of London, 29/39 Brunswick Square, London 
WCIN 1AX 


Although it is widely held that small doses of ethanol 
increase social behaviour in man, there is little 
experimental evidence to support this. In general 
ethanol has been found to decrease social behaviour in 
animals (e.g. Krsiak & Borgesova, 1973), but this may 
well be due to the large doses used. Ethanol (0.4 g/kg) 
was found to increase exploration in rats (File, 
unpublished observations) and it was thought that this 
dose might also increase social behaviour. In order to 
investigate whether any such increases could be related 
to anxiety reduction, social interaction between pairs of 
male rats was studied in conditions in which the level of 
fear was manipulated. This was done by altering the 
intensity of illumination and the rats’ familiarity with 
the situation. 

In the low fear condition ethanol (0.4 g/kg) did not 
change the duration of active social contact, but in 
conditions of moderate fear this dose increased active 
contact. In the high fear condition active contact was 


oxytocin, ie. compared with animals which do milk 
eject. Thus, it would appear that the failure of rats to 
milk eject is the result of a central dysfunction, 
possible involving an adrenergic mechanism though 
not necessarily related to circulating amines. 


This work was supported by a grant from the Medical 
Research Council. 
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not significantly increased. A higher dose (1.2 g/kg) 
reduced active contact in all the test conditions, but this 
may have been secondary to motor impairments. 

The effect of the anxiolytic drug, chlordiazepoxide, 
on social interaction was also studied in the same 
conditions. Chlordiazepoxide produced a dose related 
(2.5—7.5 mg/kg) decrease in active social contact and 
an increase in passive contact. 

Both ethanol (0.4 g/kg) and chlordiazepoxide 
(5 mg/kg) increase exploration in rats, measured by 
head-dipping in a hole-board, and this effect might be 
due to anxiety reduction. However, the two drugs differ 
in their effects on social interaction. The effects of 
ethanol are consistent with anxiety reduction but the 
effect of an acute injection of chlordiazepoxide appears 
to resemble that of a sedative. However, rats pretreated 
with chlordiazepoxide (5 mg/kg) for 5 days and then 
tested for social interaction showed significantly 
increased active contact in conditions of moderate and 
high fear. 


We are grateful to the Science Research Council for 
supporting this research with a grant to M.J.N. J.H. is a 
Science Research Council Scholar. 
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Active transport of adenine and 
adenosine by blood platelets and 
cultured endothelial cells 


D.P. de BONO, J.L. GORDON, 
D.E. MacINTYRE & J.D. PEARSON 


Departments of Surgery and Pathology, University of 
Cambridge 


Blood platelets accumulate adenine and adenosine by 
active transport (Sixma, Holmsen & Trieschnigg, 
1973; Sixma, Trieschnigg & Holmsen, 1973), and 
adenosine uptake is inhibited by dipyridamole 
(Rozenberg, Ledwidge, Wilcken & McKeon, 1971). 
We have tested a range of drugs as potential inhibitors 
of these transport processes, extended the studies to 
endothelial cells in culture, and developed a 
cytotoxicity assay based on adenine uptake. 

Adenine and adenosine uptake by platelets was 
measured in 0.1 ml samples of human citrated platelet- 
rich plasma at 37°C, incubating for 3 min with 0.1 uM 
(8-H) adenine or for 12 min with 0.5 uM (U-4C) 
adenosine. 

Adenine transport was unaffected by a range of thio 
reagents with different actions: N-ethyl maleimide 
(NEM), dithiothreitol, iodoacetate, 5,5'-dithiobis (2- 
nitrobenzoic acid), and 2-amino (4-isothio- 
ureylmethylene)-thiazol dihydrochloride (Ag 307) did 
not significantly inhibit uptake at concentrations up to 
3 mM. Adenosine transport was inhibited only by NEM 
(IC; =0.2 mM). Dipyridamole and its derivatives 2,6- 
bis(diethanolamino)4-piperidino-pyrimido-(5,4d)- 
pyrimidine (RA 233), 242 amino-ethylamino)4- 
morpholinothieno~{3, 2d)-pyrimidine dihydrochloride 
(VK 744) and 2-piperazino-thieno3,2d)-pyrimidine 
dihydrochloride (VK 774) had little effect on adenine 
uptake at concentrations up to 0.3mM, but 
dipyridamole and RA 233 (though not VK 744 or 
VK 774) inhibited adenosine transport by 80% at 
50 uM. Prostaglandins D,, E,, E, and F,, did not affect 
either transport process at concentrations up to 10 uM. 

Porcine endothelial cells in culture (de Bono, 1974) 
were plated in 6mm diameter wells (10* cells/well; 


0.2 ml medium). Uptake of (8-*H) adenine was linear 
for at least 30 min at 0.1 uM and 5 uM. The transport 
process was saturable, with values for Km and Vmax 
of approximately 0.8 uM and 2.5 nmol per 10° cells/h 
respectively. The uptake of adenine was unaffected by 
the presence of 20% v/v autologous heat-inactivated 
serum. Preliminary experiments have established that 
these cells also actively transport adenosine, this 
process being inhibited by NEM (0.1 mM), and 
abolished by dipyridamole (50 uM) or in the presence 
of 20% heat-inactivated serum. 

Adenine uptake was reduced in endothelial cells 
damaged by antibody and complement, or by 
allergized lymphocytes, and this reduction correlated 
well both in time of onset and degree of effect with 
morphologically assessed cytotoxicity. 

We have found that fibroblasts and smooth muscle 
cells in culture also transport adenine, and it seems 
likely that the active uptake of purine bases is an 
essential attribute of mammalian cells. The 
development of the terminal adenine uptake assay 
described above may therefore prove valuable as a 
means of assessing cytotoxicity in a wide range of cell 


types. 


Ag 307 was kindly donated by Dr H. Laborit, CEPBEPE, 
Paris; RA 233, VK 744 and VK 774 by Dr J.W. Bell, 
Boehringer, Ingelheim; and prostaglandins by Dr J.E. Pike, 
Upjohn, Kalamazoo. These studies were supported by 
grants from the Medical Research Council and the Arthritis 
and Rheumatism Council. 
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Adrenaline on isotonic contractions 
of mammalian skeletal muscle 


D.M. LEWIS & SANDRA N. WEBB 
Department of Physiology, University of Bristol 


The effect of adrenaline on the tension and time course 
of isometric twitches of mammalian skeletal muscle 
depends on the speed of contraction of the muscle. In 
fast-twitch muscle adrenaline increases both the 
maximal twitch tension and the times to peak tension 
and half relaxation; in slow-twitch muscle the opposite 
occurs. In neither muscle is the rate of tension 
development significantly affected (Bowman & Nott, 
1969). 

Although these changes are due to direct action on 
muscle fibres little is known of the mechanisms 
responsible. The increase in time to peak tension in 
fast-twitch muscle without significant change in the 
rate of development of tension suggests an action on 
the Ca*+ release/re-uptake mechanisms rather than 
changed activity of the contractile proteins. The 


slow-twitch soleus muscle of the cat during continuous 
i.v. infusion of adrenaline. 

Experiments were performed on seven cats 
anaesthetized with nembutal. Adrenaline was infused 
into the jugular vein and pressure in the common 
carotid artery was recorded in all experiments. 
Isometric contractions were recorded from either 
flexor digitorum longus or soleus muscles stimulated 
indirectly once every 10 seconds. After loaded isotonic 
shortening was measured by a rotary transducer 
(Birdsall, Buller & Kean, 1971). 

Maximal effects of adrenaline on isometric twitches 
were produced at infusion rates of 5 pg kg~! min in 
flexor digitorum longus and by 1 pg kg~ min`! in 
soleus. These effects on twitches plus those on isometric 
and isotonic tetani are given in Table 1. 

Adrenaline had no systematic effect on the 
shortening velocity of either fast-twitch or slow-twitch 
skeletal muscle of the cat. 

These findings indicate an effect on Ca*+ release/re- 
uptake mechanisms, One aspect of this, which could 
be easily investigated, would operate through a change 
in the muscle action potential. 


Table 1 Percentage change in contraction characteristics 
Flexor digitorum longus Soleus 
isometric twitch 
Peak tension 19.6 (1.88)™ —5,5 (1.41)* 
Time to peak 16.6 (1.89)** —12.6 (0.96)** 
Time to half relaxation 22.5 (1.87)** —20.3 (1.72)** 
Rate of rise of tension 8.7 (3.6}* 4.8 (2.88} 
Isometric tetanus 
Maxlmum tension (P,) 2.9 (2.49) —2.0 (2.12) 
Maximum rate of rise of tension —1.3 (6.3) —1.2 (1.64) 
Isotonic tetanus 
Maximum velocity 2.1 (3.83) 3.5 (6.8) 
alP, —13.1 (7.01) —3.6 (11.6) 


Figures in brackets are 3.e. mean. 


Changes significant at the 0.05 level are indicated as * and at the 0.001 level as **. 


changes in slow-twitch muscle suggest a similar site of 
action. However, adrenaline is known to affect the 
properties of the contractile proteins in cardiac muscle 
as measured by changes in the force/velocity 
characteristics during isotonic contractions. 

We have tested this point directly by measuring 
isotonic shortening velocities at various loads in fast- 
twitch flexor digitorum longus (F.D.L.) muscle and 
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Antagonism of responses to anorectics 
by selective receptor blockers 


Z.L. KRUK, LA. SMITH & 
M.R. ZARRINDAST 


Department of Pharmacology and Therapeutics, The 
London Hospital Medical College, Turner Street, London 
E1 2AD 


Anorectic drugs are believed to exert their effects by 
interaction with specific neurochemical mechanisms in 
the central nervous system. The catecholamines and 
5~hydroxytryptamine have become associated with 
mediating the anorectic response. In vitro evidence 
shows that anorectics have varying abilities to block 
the uptake and cause the release of dopamine, 
noradrenaline and 5-HT (Kruk & Zarrindast, 1976). 
On the basis of this work, it is suggested that it may be 
possible to separate anorectic drugs into two groups, 
those acting through a dopaminergic mechanism, and 
those acting through a 5-HT mechanism. Such in vitro 
evidence for an involvement of brain monoamines in 
anorectic responses is indirect however and cannot be 
used to predict anorectic activity with certainty, as it is 
only possible to measure anorexia in vivo. We have 
therefore examined the ability of selective receptor 
blocking compounds to antagonize the anorexia 
observed in rats following treatment with anorectics, 
in the hope that this will show which receptors are 
involved in mediating responses to different 
anorectics. Pimozide (0.25 mg/kg) a dopamine 
receptor antagonist significantly increased food intake 
(saline/saline 69.7 + 5.3 g 6 rats~! h~}; pimozide/saline 
90.5+4.0g 6 rats-!h-!, P<0.5). Methergoline 
(0.5 mg/kg) a 5-HT receptor antagonist did not 
significantly affect food intake (saline/saline 
60.8+5.8g¢g 6 rats~'h-!; methergoline/saline 
66.0+3.52 6 rats-'h-'). Phenoxybenzamine 
(5 mg/kg) significantly decreased food intake 
(saline/saline 60.7+4.5¢ 6 rats~'h~'; phenoxy- 
benzamine/saline 46.7 + 4.2 g 6 rats~! h~! P<0.05) as 
also did 1-propranolol (10 mg/kg) (saline/saline 
71.4+4.7g 6 rats-'h-!;  1-propranolol/saline 
57.5+4.9 g 6 rats-! h~t P< 0,05). 

The anorectic effects of (+)}-amphetamine, mazindol, 
phenmetrazine and diethyl propion were antagonized 
by pretreatment with pimozide, and phenmetrazine 
excepted, not by the other agents. The anorectic 
effects of fenfluramine and norfenfluramine were 
antagonized by pretreatment with methergoline, but 
not by other agents. 

The results are broadly in agreement with 
biochemical data on uptake and release of 
monoamines, suggesting that anorectics exert their 
actions through either dopaminergic or 5-HT 
mechanisms. 


g 


The effect of selective receptor blockers on the anorectic responses In groups of six trained rats. Anorectics were administered in the dose 
icated 30 min before presentation of food, following pretreatment with receptor blockers at the doses and times indicated. Results are ED,, 


values (with 95% confidence limits) (mg/kg l.p.) defined as that dose needed to decrease food intake to 50% of control in the first hour followin 


presentation of food. ED,, values were calculated by the method of Litchfield & Wilcoxon (1949) 


Table 1 
ranges ind 


ED. (with 96% confidence limits) mg/kg ip. following pretreatment with: 


(—)-Propranolol 
(10 mg/kg) 1 h 


Phenoxy- 
benzamine 
(5 mg/kg) 1h 


goline 
(0.5 mg/kg) 2 h 


Mether- 


Pimozide 
(0.25 mg/kg) 2h 


Satine 
(& mi/kg) 
for2h 


Dose 
range 
mg/kg 


Compound 


1.05(1.9 —0.6) 

1.0(1.5 —0.7)* 

7.0(12.3 — 4.0) 
17.5(25.5— 12.0) 


6.0(9.0 —2.8) 
23.0(32.5 — 16.3)* 


1.0(1.8 —0.6) 
2.4(4.1 —1.4) 


2.0(4.6 —0.9} 


3.2(4.8—2.1) 
11.5(19.2—6.9}* 


1.0(1.4—0.7) 


6.9(10.4 —4.6)* 


1.8(2.9 —1.1)* 
16.0(25.3 —10.1)}* 
36.0(51.7 —25.0)"*+ 


7.7(10.8—5.5) 
13.5(19.1 — 9.5) 


0.9(1.4—0.5) 
2.4(5.3—1.1) 


0.25-—-8 


0.5—16 
0.5—48 
1.0-—64 


Diethyl] propion HCI 
Phenmetrazine HCI 


(+)-Amphetamine SO, 
Mazindol 


3.6(7.9 — 1.6) 
1.2(2.4—0.6)* 


8.0(14.2 —4.5) 
2.4(3.7 — 1.6) 


20.0(35.4 —11.3)* 
4,4(6.6 —2.9)* 


6.6(11.4—3.8) 


6.2(8.4 — 4.6) 
2.6(3.4— 2.0} 2.7(4.0 — 1.8) 


0.5—32 
0.26—16 


Fenfluramine HCI 
NorfenfluramiIne HCl 


t Pimozide 0.5 mg/kg l.p. (2 h). 


*P<0.05, 
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interaction of clonidine with 
dopamine-dependent behaviours 
in rodents 


P.G. JENNER & C.J. PYCOCK 


Universtty Department of Neurology, Institute of 
Psychiatry and King’s College Hospital Medical School, 
Denmark Hill, London SE& 8AF 


The central pharmacology of clonidine (2-(2,6- 
dichlorophenylamino)-2-imidazoline) is complex. It 
is generally believed to stimulate central a- 
adrenoceptors (Andén, Corrodi, Fuxe, Hökfelt, 
Hökfelt, Rydin & Svensson, 1970), although more 
recent work suggests that it may also modulate central 
tryptaminergic mechanisms (Maj, Mogilnicka & 
Palider, 1975). 

Since both noradrenergic and 5-hydroxy- 
tryptaminergic systems have been shown to modify 
dopaminergic mechanisms, we have investigated the 
ability of clonidine to alter dopamine-dependent 
behaviours in rodents. Clonidine (range 
0.06—2 mg/kg) potentiated circling behaviour induced 
by both apomorphine (0.25 mg/kg, s.c.) and 
amphetamine (3 mg/kg, ip.) in mice with unilateral 
destruction of the nigro-striatal dopaminergic 
pathway. Similarly, this dose range of clonidine 
enhanced apomorphine (2 mg/kg)-induced reversal of 
reserpine akinesia in mice. The drug also potentiated 
apomorphine-induced hyperactivity resulting from 
bilateral injections (10 ug) into the nucleus accumbens 
of rats. Clonidine (100 wg) into one striatum of rats 
produced no postural asymmetry or circling 


behaviour, nor was this pretreatment evoked into 
active turning activity in the presence of 
systematically administered apomorphine (0.5 mg/kg, 
s.c.). Clonidine (0.5 mg/kg, i.p.) was without effect on 
apomorphine (0.1—5 mg/kg, s.c.)-induced stereotypy 
in rats, but did enhance the catalepsy induced by 
haloperidol (0.1—2 mg/kg, i.p.) in rats. 

This study suggests that clonidine significantly 
modifies all dopamine-dependent behaviours 
exhibiting a motor component, viz, circling behaviour 
and locomotor activity. It failed to apparently 
influence stereotypy or to directly affect . striatal 
dopaminergic mechanisms. Although clonidine 
potentiated the cataleptic effect of a neuroleptic, its 
action is likely to be one of non-specific sedation 
rather than one of a true synergistic monoaminergic 
mechanism. 

Whatever the mechanism of action of clonidine, be 
it through a noradrenergic, tryptaminergic or any 
other neuronal system, it appears that such actions do 
not influence all forms of dopamine mediated 
behaviour. 


CJP is a Fellow of the Parkinson’s Disease Society. 
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indomethacin and acid secretion 
in the isolated perfused 
canine stomach 


MARIE-ANNE PILOT 
(introduced by A. D’MELLO) 
Department of Experimental Surgery, The London 


Hospital Medical College, Ashfield Street, London 
E1 2AD 


The isolated canine stomach will not secrete acid with 
a disc oxygenator in the arterial inflow. Green & 
Auden (1972) and Kowalewski & Sharf (1971), 
therefore, used a donor dog to oxygenate the blood 
perfusing the stomach. A completely isolated perfused 
preparation of the stomach would have many 
advantages since a donor dog introduces additional 
variable factors. The following experiments were 
devised to investigate why acid secretion is inhibited in 
the isolated perfused stomach. 

Greyhounds of both sexes were anaesthetized with 
intravenous pentobarbitone (20 mg/kg) after pre- 
medication with fentanyl (0.24 mg) and droperidol 
(12 mg), and heparinized. Blood was drained from the 
femoral artery into the perfusion circuit. The coeliac 
artery was clamped and the arterial supply to the 
stomach was perfused with a pulsatile pump via the 
splenic artery. A cannula in the portal vein shunted 
venous blood from the stomach to the femoral vein, 
thus by-passing the liver. A continuous intra-arterial 
infusion of histamine acid phosphate (20 g/min) to 
the stomach was used to stimulate acid secretion. 

The stomach secreted acid continuously only when 
the oxygenator was by-passed. When it was included 
in the circuit, acid secretion was abolished and the 
platelet count fell from about 30,000 to 10,000/mm*. It 
is possible that platelet aggregates were formed in the 
oxygenator and caused mechanical and chemical 
damage (Ba & Hognestad, 1972) to the gastric 
mucosa. In order to remove the aggregates before 
isolating and perfusing the stomach, blood was 
circulated for 1 h from the femoral artery through the 
perfusion circuit including the oxygenator and back 
into the femoral vein. When the stomach was isolated 


and perfused after this preliminary procedure, a large 
acid output (up to 36 mEq/h) was observed in 
response to histamine. 

However, if the venous outflow which normally 
returned to the heart and lungs was diverted to the 
oxygenator to establish complete vascular isolation, 
there was an exponential fall in secretion. This 
inhibition could have been caused by the release of 
prostaglandins and their accumulation in the absence 
of the lungs. These substances, which are metabolized 
in the lungs (Ferreira & Vane, 1967), can inhibit 
gastric secretion (Robert, Phillips & Nezamis, 1968). 
Therefore indomethacin, which inhibits prostaglandin 
synthesis, was injected intravenously (10 mg/kg) into 
the dog 30 min before isolation of the stomach. After 
vascular isolation, the stomach was removed and 
placed in a chamber where acid secretion continued 
for two hours. This suggests that indomethacin 
prevents prostaglandins from accumulating in the 
perfusate and inhibiting gastric secretion. 

Indomethacin, besides permitting sustained acid 
secretion, also caused extensive bleeding from the 
gastric mucosa into the lumen of the stomach. This 
preparation might be useful not only for studies of 
gastric secretion, but also to study the mechanisms 
involved in drug-induced gastric bleeding. 
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The biological significance of 
prostaglandin-like substances 
released from immunologically 
challenged guinea-pig lungs 


J.R. BOOT, W. DAWSON & 
D.J. OSBORNE 


Lilly Research Centre Limited, Erl Wood Manor, 
Windlesham, Surrey GU20 6PH 


Nine prostaglandin (PG)-like substances have been 
identified in the perfusate from challenged sensitized 
guinea-pig lungs perfused in vitro. They account for 
94% of the total PG-like material released 
(1.3~—1.8 ug/pair of lungs). These figures were derived 
from 3 groups of 200 guinea pigs and were compared 
with a non-sensitized group of animals challenged and 
extracted similarly. No PG-like material was detected 
in the control perfusate. 

These compounds have been tested on a variety of 
smooth muscle preparations derived from gut and 
respiratory tree, on pulmonary perfusion pressure in 
vitro, systemic blood pressure on anaphylactic 
mediator release and on chemotaxis. 

Three of the substances, PGF, (0.6%), 15-oxo 
PGF,, (6%) and 6-oxo PGF, (11%) have 
Spasmogenic activity, particularly on respiratory 
smooth muscle, and each increased pulmonary 
vascular resistance. 6-oxo PGF,,, had 4-4 the activity 
of PGF, in both systems whilst 15-oxo PGF2,_ had 
wy} the activity. 6-oxo PGF, is a novel PG identified 
in these laboratories (Dawson, Boot, Cockerill, Mallen 
& Osborne, 1976) and its biological activity is of 
considerable interest. PGE, (1%) and 15-oxo PGE, 
(trace) were the only substances detected which were 
capable of relaxing bronchial smooth muscle, the 
latter having the activity of PGE. 

Thromboxane B, (TxB,), released from challenged 
chopped lung preparations (Hamberg & Samuelsson, 
1974) was also released in this system (30%) and was 
minimally active on smooth muscle preparations at 
high (10 g/ml) concentrations. A metabolite of TxB,, 
15-oxo 13,14-dihydro TxB, was also identified (42%) 
but was devoid of spasmogenic activity. This 
metabolic conversion of TxB, was confirmed using 


guinea-pig lung homogenates and a high speed 
supernatant preparation derived from this tissue, both 
of which converted purified TxB, to its metabolite. 
There was no indication of either the 15-oxo or 13,14- 
dihydro compounds analogous to the metabolites of 
the parent PGs. 

The 15-oxo 13,14-dihydro metabolites of PGE, 
(trace) and PGF, (3%) were isolated but were 
without activity in any of the systems studied. 

PGF, (0.5ug/ml) and TxB, (1-5 ug/ml), 
increased the synthesis and release of slow reacting 
substance in anaphylaxis (SRS-A) from challenged 
guinea-pig chopped lung preparations whilst PGE, 
(0.5 pg/ml) reduced SRS-A release. Sufficient TxB, is 
released on challenge to achieve this concentration in 
the lung. 

There are at least two components of this 
immunological reaction in which PG-like substances 
are involved: direct bronchoconstrictor activity of the 
PGs and the modification of mediator release. Of the 
nine compounds, only TxB, has been shown to be 
chemotactic (Boot, Dawson & Kitchen, 1976) and 
could perhaps develop the inflammation commonly 
associated with allergic responses in the lung. The 
interaction with the adenyl and guanyl cyclase 
systems has not been studied but this could be a 
possible third component of PG involvement 
(Lichstenstein, Gillespie, Bourne & Henney, 1972). 
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A sponge implantation test in 
the rat as a model for 
screening anti-inflammatory 
activity 


J.P. BOLAM, A.W. FORD-HUTCHINSON, 
M.J.H. SMITH & J.R. WALKER 


Department of Biochemical Pharmacology, King’s 
College Hospital Medical School, Denmark Hill, London 
SE5 8RX 


Despite the large number of tests currently available to 
screen potential anti-inflammatory and antirheumatic 
drugs (Swingle, 1974) there are very few based on 
leucocyte migration into inflammatory exudates. The 
implanted sponge technique (Saxena, 1960) seems 
worthy of more general use since it is a simple 
procedure, allows a variety of measurements to be 
performed on exudates at various time intervals after 
implantation and is suitable for the assessment of 
inhibitory effects on granuloma formation (Ford- 
Hutchinson, Smith, Elliott, Bolam, Walker, Lobo, 
Badcock, Colledge & Billimoria, 1975; Wiener, 
Wiener, Urivetzky, Shafer, Isenberg, Janov & 
Meilman, 1975; Clarke, Vernon-Roberts & Currey, 
1975). 

The method may be of particular value in the 
assessment of substances which interfere with either 
the formation or action of leucotactic factors derived 
from complement since rats depleted of complement 
components by purified cobra venom factor showed a 
marked inhibition of cellular migration into the sponge 
exudate (Wiener, Lendvai, Rogers, Urivetsky & 
Meilman, 1973). 

Some applications of the sponge method to the 


Pethidine pharmacokinetics in dog: 
dose and time studies 


M.R. BENDING, P.N. BENNETT & 
M. ROWLAND 


Department of Clinical Pharmacology, Royal 
Postgraduate Medical School, London and Department 
of Pharmacy, University of Manchester 


Data in man suggest that pethidine is highly cleared 
predominantly by metabolism and may therefore 
exhibit a ‘first pass’ effect on oral dosing (Mather, 
Tucker, Pflug, Lindop & Wilkerson, 1975; Chan, 
Kendall, Wells & Mitchard, 1975). To examine and 
extend this possibility, the effect of dose and time on 


study of the sites of action of conventional 
antirheumatic drugs and the relationship between the 
involvement of blood platelets, leucotaxis and pro- 
staglandins in the inflammatory exudates will be 
presented. 


This work was supported by the King’s College Hospital 
and Medical School Research Committee, the Wates 
Foundation and the National Research Development 
Corporation. 
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the oral availability and disposition kinetics of 
pethidine were studied in three female greyhound 
dogs. In the dose-range study the following doses were 
administered on separate occasions——1.0, 2.0 and 
3.0 mg/kg intravenously (i.v.) and 2.0, 3.0 and 
4.0 mg/kg orally (p.o.) by stomach tube. In the time 
study, each dog received 2.0 mg/kg i.v. eight-hourly 
for seven doses and on another occasion 3.0 mg/kg 
p.o. eight-hourly for seven doses. 

The terminal half-life of the blood-concentration- 
time curve increased with dose (means—-50 and 
72 min at the 1.0 and 3.0 mg/kg i.v. doses and 77 and 
103 min at the 2.0 and 4.0 mg/kg p.o. doses). 
Comparison of the area under the blood- 
concentration-time curve (AUC) with dose suggested 
a non-linear relationship with AUC increasing dis- 
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proportionately at higher doses. Consequently total 
systemic blood clearance of pethidine (dose i.v./AUC 
i.v.) fell with increasing dose, the values for the three 
dogs at the 1.0 and 3.0 mg/kg i.v. doses being 59 and 
34, 51 and 42, 65 and 52 mi min“ kg™! respectively. 
However a plot of 6 (the terminal disposition rate con- 
stant) x AUC against dose (i.v.) was linear, indicating 
that volume of distribution was a constant (values for 
each dog—4.2, 4.4 and 3.6 l/kg). This indicates that 
changes in clearance are reflected in changes in f. In 
two dogs a plot of 8 x AUC against dose (p.o.) was 
linear and the systemic availability of pethidine in 
these dogs, calculated as the ratio of the slopes of the 
p.o. and i.v. regression lines was 0.41 and 0.38. In the 
third dog 8 x AUC against dose was non-linear: thus 
availability changed with dose in this dog between 
0.57 and 0.64 at the 2.0 and 3.0 mg/kg p.o. doses. 

The findings in single dose administrations of 
pethidine were reproducible when further single doses 
were given. The clearance of pethidine in these animals 


Fluorimetric determination of 
ampicillin and cephalexin 


R.H. BARBHAIYA & P. TURNER 


Department of Clinical Pharmacology, St Bartholomew's 
Hospital, London EC1A 7BE 


A fluorimetric method for quantitative analysis of two 
B-lactam antibiotics ampicillin and cephalexin has 
been developed, based upon the production of 
fluorescent derivatives formed by alkaline hydrolysis 
with 2N NaOH and heating at 100°C. The rate of 
formation of fluorescent material is enhanced by 
addition of formaldehyde in the buffer. The fluorescent 
compounds exhibit uncorrected excitation and emission 
spectra at 345 and 420 nm respectively. The structural 
similarities between the side chains of ampicillin and 
cephalexin and their identical fluorescent spectra 
suggest that both the antibiotics could be forming a 
similar fluorescent derivative. Although the precise 
chemical identity of the fluorescent derivative has not 
yet been determined, there is evidence to suggest that 
it may be the diketopiperazine derivative (Cohen, 
Funke & Puar, 1973; Indelicato, Narvilas, Pfeiffer, 
Wheeler & Wilham, 1974, 1974; Yamana, Tsuji, 
Kanayama & Nakono, 1974). An assay procedure 


approached liver blood flow and the low oral 
availability is compatible with significant ‘first pass’ 
hepatic metabolism of pethidine. In the repeated dose 
study for both iv. and p.o. administration, no 
accumulation of pethidine occurred and the kinetics of 
pethidine did not change with time. The data suggest 
that while pethidine may exhibit dose-dependent 
disposition kinetics, there is no evidence for time 
dependent kinetics at the doses studied. 
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based on these observations permits detection of less 
than 0.1 ug/ml of ampicillin and cephalexin in aqueous 
solution and plasma. Because of greater sensitivity, the 
proposed method is more suitable for clinical studies of 
these antibiotics than the previously described acid 
hydrolysis method for ampicillin Jusko, 1971). 

The results obtained with the fluorimetric assay 
have been compared with the results obtained in 
microbiological assay. The fluorimetric assay has 
advantage over microbiological assay in terms of ease 
and speed of performance, reproducibility and 
sensitivity. 
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Phenylethylamine is a sympathomimetic amine which 
can be formed via decarboxylation of L-phenylalanine 
or derived from dietary constituents (Nakajima, 
Kakimoto & Sano, 1964; Sandler, Youdim & 
Hanington, 1974). This amine can pass the blood- 
brain barrier and has been implicated in the 
pathogenesis of certain affective disorders (Sandler & 
Reynolds, 1976). There is little quantitative 
information concerning the formation of 
phenylethylamine from L-phenylalanine and the aim of 
the present experiments was to determine the extent of 
its formation from L-phenylalanine in rat liver. 

When livers from fed female Wistar rats were 
perfused (Hems, Ross, Berry & Krebs, 1966) with 
glucose (Smmol/l) and L-phenylalanine (0O— 
30 mmol/l), at amino acid concentrations above 
5 mmol/l there was a substantial decarboxylation of 
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Figure 1 Formation of metabolites from L- 
phenylalanine in the Isolated perfused rat liver. 


@—@ Phenylpyruvic acid, O-——-O O-Hydroxy- 
phenylacetic acid, C+——t] Pheny! lactic acld, 
A——A Phenylacetic acid, W-——W Mandelic acid, 
@——@ P-Hydroxyphenyl lactic acid, M-A P- 
Hydroxyphenylacetlc acid. The figures are means for 
between two and five estimations. 


L-phenylalanine (Youdim, Mitchell & Woods, 1975) 
measured by the accumulation of phenylacetic acid 
and mandelic acid. These acids which were identified 
and measured by gas chromatography and mass 
spectrometry (Goodwin, Ruthven & Sandler, 1974, 
1975) accounted for 0.6% of the L-phenylalanine 
removed at initial concentrations below 5 mmol/l. This 
figure rose to 2.2% at 10 mmol/l and reached 8% 
above 20 mmol/l (Figure 1). 

Phenylethylamine is a substrate for hepatic 
monoamine oxidase (MAO) ‘type B’ (Youdim, 1975) 
and thus these figures represent an under-estimate of 
phenylethylamine formation. Treatment of the rats 
with the MAO inhibitor tranylcypromine (20 mg/kg 
ip.) 2 h before perfusion resulted in the accumulation 
of phenylethylamine. When the initial L-phenylalanine 
concentrations were 0, 1, 5 and 30mmoil/l the 
amounts of phenylethylamine formed in 2 h were 1.0, 
1.72, 18.4 and 32.8 ug/g wet liver respectively. In the 
absence of tranylcypromine only trace amounts of 
phenylethylamine were detected. This fact, taken 
together with the accumulation of mandelic and 
phenylacetic acids under these conditions suggests 
that normally phenylethylamine is a transient in- 
termediate. ` 
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Chemin de 


According to Ferreira, Herman & Vane (1976), pieces 
of rabbit jejunum kept in Krebs solution are able to 
release prostaglandins E, and F,, during their 
spontaneous contractions. These secretions were 
changed neither by contracting substances 
acetylcholine and physostigmine, nor by relaxing 
substances (adrenaline, hyoscine or papaverine). On 
the other hand, Botting & Salzmann (1974) showed 
that guinea-pig isolated gut also releases pro- 
staglandins, and this secretion is inhibited by in- 
domethacin. Finally, Bennett, Eley & Stockley (1975) 
brought strong evidence for the contracting effects of 
prostaglandins E,, E,, Fia and Fz, on the longitudinal 
muscle of the guinea-pig ileum. 

The aim of this preliminary investigation is to bring 
evidence for the inhibition of prostaglandins release in 
the organ bath fluid after administration of anti- 
inflammatory steroids: cortisol, prednisolone, methyl- 
prednisolone, dexamethasone, triamcinolone, beta- 
methasone and fluorocortisol given at doses in a range 
of 0.1 to 1000 pg/ml). The steroids used as soluble 
esters (hemisuccinate, Na+ phosphate) were introduced 
into the bath filled up with Krebs solution and bubbled 
with CO,+0,. In rare cases we noticed occasional 
small contractions at low concentrations with cortisol, 
prednisolone, methylprednisolone and dexamethasone, 
but in most of the cases even higher subsequent doses 
produced no contraction. Sensitivity to acetylcholine, 
histamine, prostaglandins E, and F,, was not changed. 


During coaxial stimulation (Paton, 1955) the height 
of the twitches was not reduced by prednisolone and 
fluorocortisol while indomethacin still decreased the 
height of the twitch. 

In another batch of guinea-pigs reserpine (5 mg/kg) 
was injected one day before the experiment; the cor- 
responding ileum did not contract even after large doses 
of glucocorticoids but during the action of hemi- 
cholintum (HC3, 120yg/ml during 90 min), 
prednisolone and fluorocortisol were able to stimulate 
the ieum again probably because the synergism 
established between HC3 and corticosteroids as far as 
acetylcholine release is concerned. 

PGE, and PGF,, were measured by radiotmmuno- 
assay in a sample of liquid extracted from the organ 
bath. After gut contraction due to acetylcholine, an 
increase of PGE, release proportional to acetylcholine 
concentration is observed. Acetylcholine does not 
influence PGF}, release. After coaxial stimulation of 
guinea-pig ileum, increase of PGE, release after 10 
volleys of DC shocks (every minute) under similar 
conditions, fluorocortisol (1 mg/ml in the bath) reduces 
PGE, release. 
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INHIBITORY INNERVATION 
OF CAT SPHINCTER OF ODDI 


C.G.A. PERSSON 


AB Draco, Research and Development Laboratories, Fack, S-221 01 Lund, Sweden 


1 Electrical stimulation with trains of 0.1—0.2 ms pulses of the cat isolated sphincter of Oddi 
inhibited the spontaneous contractile activity and lowered base-line tension considerably. A contraction 
usually followed the period of stimulation. 

2 These inhibitory effects were prevented by tetrodotoxin 0.1—0.5 ug/ml but were not reduced by 
hexamethonium, morphine, or blockade of a- or f-adrenoceptors or cholinoceptors with phenoxy- 
benzamine propranolol or atropine, respectively. 

3 Adenosine-5’-triphosphate (ATP) and adenosine-5’-diphosphate (ADP) inhibited the spontaneous 
sphincter activity and caused relaxation thus mimicking the effects of the C-terminal octapeptide of 
cholecystokinin (C8-CCK), isoprenaline and prostaglandins E, and EĻ. 

4 ATP alone (> 100 ug/ml) or ATP (> 10 pg/ml) plus dipyridamole (1 pg/ml), relaxed the sphincter to 
the same degree as did the field stimulation. 

5 In sphincters maximally contracted by acetylcholine, the effect of stimulation was more marked 
than that recorded in uncontracted preparations. 

6 The present findings suggest that the sphincter of Oddi receives inhibitory nerves that are neither 


cholinergic nor adrenergic. 


Introduction 


The activity of the sphincter of Oddi might be 
controlled by several mechanisms (Hallenbeck, 1967; 
Persson, 1973; Andersson, Andersson, Hedner & 
Persson, 1973). The most important is considered to 
be the hormone cholecystokinin, which inhibits 
sphincter activity and tone without involving nerves 
(Persson, 1973). The role of the nerves is not settled. 
In the cat sphincter of Oddi the adrenergic innervation 
may counteract the effect of cholecystokinin, as 
stimulation of adrenergic nerves and administration of 
the transmitter amines contract the sphincter and 
increase its activity (Persson, 1973). Less is known 
about the cholinergic control, but exogenous 
acetylcholine contracts the sphincter of Oddi in most 
species (Hallenbeck, 1967). 

Studies of gastro-intestinal motility have repeatedly 
demonstrated the presence of non-adrenergic 
inhibitory and non-cholinergic excitatory nerves 
(Bortoff, 1972) and the non-adrenergic nerves may be 
purinergic (see review by Burnstock, 1972). 

The sphincter of Oddi may receive an innervation 
that is neither cholinergic nor adrenergic (Persson, 


-were anaesthetized with 


1971b), a suggestion which is further supported by the 
present experiments. 


Methods 


Fourteen adult cats, fasted for 24 h but allowed water, 
sodium pentobarbitone 
(Abbott) (40 mg/kg i.p.) and bled out. The sphincter of 
Oddi was dissected free from surrounding duodenum 
and the bile duct was cut off. Without occluding the 
orifices, the sphincter was mounted as a longitudinal 
preparation in an organ bath, one end being connected 
to a strain-gauge transducer (Persson, 1971a). The 
bath contained Krebs solution with the following 
composition (mM): NaCl 118.0, KCI 4.6, CaCl, 2.5, 
MgSO, 1.15, NaHCO, 24.9, KH,PO, 1.15 and 
glucose 5.5; pH was 7.4. It was kept at 37°C and 
gassed with a mixture of 95% O, and 5% CO.. 
Changes in isometric longitudinal tension of the 
sphincter were recorded on a Grass Polygraph by 
means of strain-gauge transducers (FTO3). 
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Two platinum electrodes connected to an electronic 
stimulator (Grass S48 Stimulator) were fixed 
vertically, approximately 5mm apart on opposite 
sides of the sphincter preparation. The preparation 
was stimulated at supra-maximal voltage (40 V) with 
trains of rectangular pulses delivered at regular 
intervals (usually 100 seconds). After preliminary 
trials at 0.05—0.5 ms, the pulse width was fixed at 
0.1 ms and 5 Hz for most experiments. 

The drugs used were: acetylcholine chloride 
(Calbiochem, U.S.A.), adenosine-5’-diphosphate 
(disodium salt) (Sigma Chemical Company, U.S.A.), 
adenosine-5’-triphosphate (disodium salt) (Sigma 
Chemical Company, U.S.A.), C-terminal octapeptide 
of cholecystokinin (C8-CCK) (Squibb, U.S.A.), 
dipyridamole (Boehringer Ingelheim, Germany), hexa- 
methonium bromide (May & Baker Ltd.), (+} 
isoprenaline chloride (Sigma Chemical Company, 
U.S.A.), morphine chloride (Pharmacopoea Nordica) 
(morphine hydrochloride), (—)}mnoradrenaline bitartrate 
(Sigma Chemical Company, U.S.A.) phenoxy- 
benzamine hydrochloride (Smith, Kline & French), 
propranolol hydrochloride (ICI Ltd.), tetrodotoxin 
(Sankyo, Japan). The drugs were dissolved in fresh 
glass-distilled water before each experiment. Solutions 
of isoprenaline and noradrenaline contained ascorbic 
acid (0.2 mg/ml). 


Results 


The sphincters exhibited spontaneous rhythmic 
contractile activity. Electrical stimulation inhibited the 
contractile activity and, except in two preparations, 
greatly lowered the base-line tension (Figures 1, 2, 4 
and 5). In two preparations the response to 
stimulation was recorded as only an inhibition of the 
rhythmic activity. In seven preparations the period of 
stimulation was followed by contraction (Figure 1). 
The pulses were of 0.1 or 0.2 ms duration. Above 
0.3 ms some of the response remained after tetro- 
dotoxin (0.10.5 ug/ml) had completely inhibited the 
response to 0.2ms_ pulses. Tetrodotoxin (TTX) 
(0.5 pg/ml) was fully effective 5 min after its addition 
to the bath, preventing the inhibitory effects and post- 
stimulus excitation of the sphincter. After washout of 
TTX, the response to electrical stimulation gradually 
recovered (Figure 2). As reported previously (Persson, 
1971b), TTX by itself, in some preparations, produced 
a stimulant effect which showed tachyphylaxis. 

The inhibitory response to electrical stimulation was 
not changed by atropine (0.1 pg/ml), phenoxy- 
benzamine (0.1 g/ml) or propranolol (0.1 pg/ml); the 
antagonists were used in concentrations which 
prevented, respectively, contractions induced by 
acetylcholine (0.1 ug/ml) and noradrenaline 
(0.1 pg/ml) or relaxations due to  isoprenaline 
(0.2 ug/ml). Hexamethonium (100 pg/ml) was also 








Figure 1 (a) Effect of electrical stimulation and 
adenosine triphosphate (ATP) on spontaneous 
contractions of the sphincter of Oddi. At bar, 
electrical stimulation for 40s Inhibited contractile 
activity. A marked excitation occurred after the 
stimulus ended. ATP added cumulatively to the bath 
(50 mi) Inhibited the spontaneous activity. (b) Effect 
of electrical stimulation (dots) at regular intervals on 
spontaneous activity of a sphincter of Oddl. Sphincter 
tone was reduced; note also changes in the pattern of 
contractile activity. 
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Figure 2 (a) Tetrodotoxin (TTX) inhibited the effect 
of field stimulation (bars) in cat isolated sphincter of 
Odd] without spontaneous contractile activity. After 
washing (W), the relaxant effect gradually returned. 
Due to tachyphylaxis no excitatory effect of TTX can 
be seen. (b) Isoprenaline (ISO) added cumulatively to 
the bath (50 ml) relaxed the sphincter; high con- 
centrations relaxed the sphincter to the same extent 
as with field sttmulation (bars). 


without effect, as was morphine (0.1—10 ug/ml); a 
range of frequencies between 1 and 5 Hz was tried in 
the presence of morphine. The blocking agents were 
left in contact with the sphincter preparations for up to 
20 minutes. 

ATP (2—30 ug/ml) or adenosine-5’-diphosphate 
(ADP, 4—30 ug/ml) inhibited spontaneous activity of 
the sphincter but the basal tension was only slightly 
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Figure 3 (a) Inhibition of contractlle activity In the 
sphincter of Oddi by adenosine triphosphate (ATP). 
(b) Inhibitory effect of ATP mimicked by ADP. Bath 
volume, 50 ml. 


lowered (Figures 3 and 4). In concentrations above 
100 ug/ml, ATP produced a relaxation as pronounced 
as that induced by electrical stimulation (Figure 4). In 
the presence of dipyridamole, 1 ug/ml, a pronounced 
relaxation was seen at lower concentrations of ATP 
(approx. 10 ug/ml) (Figure 4); dipyridamole alone did 
not change the response to field stimulation. 
Prostaglandins E, and E,, C8-CCK and isoprenaline 
also inhibited the contractile activity, and lowered the 
base-line tension (cf. Persson, 1973; Andersson et al., 
1973), producing a maximum equalled by that 
obtained with fleld stimulation (Figures 2 and 5). 

When the sphincter was maximally contracted by 
acetylcholine (l ug/ml), the effect of electrical 
stimulation was more marked than that recorded in 
uncontracted preparations (Figure 5). In the presence 
of ACh (1l ug/ml) ATP at a given concentration 
relaxed the sphincters less than it did when they were 
uncontracted. In addition, ATP up to 1 mg/ml in 
contracted preparations did not produce a relaxation 
as pronounced as that induced by electrical 
stimulation. The post-stimulation excitatory responses 
recorded in seven of the fourteen sphincters (Figure 1) 
were not inhibited by hexamethonium (100 pg/ml) or 
indomethacin (1—4 pg/ml), and they were only slightly 
diminished by atropine (0.1 ug/ml) or phenoxy- 
benzamine (0.1 pg/ml). The size of the post-stimulus 
response gradually diminished during the experiment 
and in five preparations had vanished after approxi- 
mately 3 h while the inhibitory effect remained intact. 
Some preparations lost spontaneous activity after 
1-3 h and an inhibitory effect was seen only as a 
lowering of base-line tension (Figure 2). 
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Figure 4 (a) Adenosine triphosphate (ATP) added 
cumulatively to the bath gradually relaxed the 
isolated sphincter of Oddi to the same extent as field 
stimulatlon (bars). (b) Potentiation of effect of ATP by 
dipyridamole (Dipyr.). Electrical stimulation at bars. 
Bath volume, 50 ml. 


Figure 6 (a) Reduction in tone of isolated sphincter 
of Oddi and response to electrical stimulation by 
octapeptide of cholecystokinin (C8); IE = Ivy dog unlts 
of cholecystokinin. Bath volume, 50ml. (b) 
Pronounced lowering of sphincter tone by electric 
stimulation (bars). When the sphincter was maximally 
contracted by acetylcholine (ACh) the relaxation was 
even more marked. 


Discussion 


Responses of the isolated sphincter of Oddi 
preparation agree well with those obtained in vivo and 
the changes in longitudinal tension (oblique and 
longitudinal muscle flbres) closely reflect changes in 
resistance to flow through the sphincter (Persson, 
1973). Resistance of the sphincter is influenced by the 
intrinsic nerves, which are perhaps predominantly 
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inhibitory. Although high concentrations were 
required to produce a relaxation as great as that 
induced with electrical stimulation, ATP and ADP 
were found to relax the sphincter, a finding which 
suggests that ‘purinergic’ nerves may be involved (see 
Burnstock, 1972). It has been shown that ATP alone 
does not mimick the neural response but does so in the 
presence of dipyridamole (Coleman & Levy, 1974). In 
the present study, dipyridamole diminished the con- 
centration of ATP needed to produce inhibitory 
effects; this potentiation may have been due to the 
uptake of adenosine being blocked by dipyridamole. 

Sphincter relaxation was also produced by 
isoprenaline, acting on f-adrenoceptors, by the octa- 
peptide of cholecystokinm, and by prostaglandins E, 
and E. These effects have also been shown previously 
(Persson, 1971la; 1973; Andersson et al, 1973). 
However, since the effects of cholecystokinin, prosta- 
glandins, ATP and ADP cannot be selectively 
antagonized, their possible participation in the 
inhibitory effect of field stimulation is difficult to 
investigate. 

A cholinergic or adrenergic component of post- 
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PHARMACOLOGICAL PROPERTIES OF N-(3',4’- 
DIMETHOXYCINNAMOYL) ANTHRANILIC 
ACID (N-5’), A NEW ANTI-ATOPIC AGENT 
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I N-(3’,4’-dimethoxycinnamoy]) anthranilic acid (N-5') exhibited a dose-dependent, potent inhibition 
of the passive cutaneous anaphylaxis (PCA) mediated by homocytotropic antibodies (HTA), which 
was hardly affected by anti-inflammatory agents such as phenylbutazone, indomethacin and 
prednisolone at any dose used. The HTA-induced PCA was significantly inhibited by combined 
treatment with diphenhydramine and cyproheptadine. 

2 Doses of N-5’ which potently inhibited HTA-induced PCA inhibited only slightly the heterologous 
PCA produced by anti-bovine serum albumin (BSA) rabbit serum. This heterologous PCA was clearly 
inhibited by phenylbutazone, indomethacin and prednisolone. Diphenhydramine and cyproheptadine, 
singly or combined inhibited the heterologous PCA only slightly. 

3 The increased vascular permeability caused by histamine and 5-hydroxytryptamine was 
significantly inhibited by diphenhydramine or cyproheptadine, but not by N-5' and the anti- 
inflammatory agents used. 

4 N-5' 150 mg/kg orally inhibited rat paw oedema induced by carrageenin by about 26% while 
phenylbutazone, indomethacin and prednisolone produced significant inhibition. 

5 N-5!’ at concentrations of 100 and 1000 uM significantly inhibited (by about 52% and 95%, 
respectively) the histamine release from rat peritoneal cells induced by HTA; 10 uM N-S5’ had little 
effect. Histamine release was inhibited by phenylbutazone or indomethacin at 1000 uM but not at 
100 uM. Prednisolone had no effect on histamine release at any of the concentrations used. 

6 These findings suggest that the inhibition of the HTA-induced PCA by N-5’ may be due to 
inhibition of histamine release and is clearly different from the actions of anti-inflammatory agents 


such as phenylbutazone, indomethacin and prednisolone. 


Introduction 


N-(3’,4’-dimethoxycinnamoy]) anthranilic acid (N-5") 
is a newly synthesized, anthranilic acid derivative. 
Given orally, N-5’ potently inhibits the passive 
cutaneous anaphylaxis (PCA) mediated by homo- 
cytotropic antibodies (HTA). 

Koda, Nagai, Watanabe, Yanagihara & Sakamoto 
(1976) reported that N-5’ inhibited HTA-induced PCA 
and mast cell degranulation in rats and guinea-pigs. 
They suggested that the anti-allergic properties of N-5’ 
may be clinically useful in the treatment of allergy- 
related diseases, especially asthma. 

In view of the anti-inflammatory actions of 
anthranilic acid derivatives, N-5’ has been compared 
with several established anti-inflammatory agents. 


Methods 
Passive cutaneous anaphylaxis in rats 


Preparation of antisera. Antiserum containing 
homocytotropic antibody (HTA, reagin antibody) was 


prepared in rats as described by Tada & Okumura 
(1971). Male Wistar rats weighing 180 to 200 g were 
splenectomized and 5 days later immunized by 
injecting into all four footpads a total of 1 mg of 2,4- 
dinitrophenyl-coupled ascaris extract (DNP-As) mixed 
with 10!° Bordetella pertussis, 5 days later, 0.5 mg of 
DNP-As alone was injected subcutaneously into the 
back. Eight days after the first immunization, blood 
was collected by aortic puncture, under ether 
anaesthesia. The antiserum obtained by these 
procedures remained, when injected intradermally, in 
the skin for at least 1 week and was inactivated by 
heating at 56°C for 30 minutes. The titre of the 
antiserum was determined in rats by homologous PCA 


48 h after injecting it intradermally. The dilution of 


antiserum producing a diameter of approximately 
5 mm was usually 1:500. Anti-bovine serum albumin 
(BSA) rabbit serum (anti-BSARS) was prepared by 4 
weekly intramuscular injections of BSA (10 mg/kg) 
emulsified with an equal volume of complete Freund’s 
adjuvant. Anti-BSARS injected intradermally 
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Figure 1 


Time course of Inhibitory actlon of N-5’ on (a) the amount of leakage of dye and (b) the area 


resulting from passive cutaneous anaphylaxis produced by homocytotropic antibodies. N-5’ 100 (O) or 200 (@) 
mg/kg was administered orally at 30, 60, 120 or 240 min before challenge with antigen (DNP-As). Each point 


represents the mean value of 6 observations. 


disappeared within 24 h and the titre determined by 4 h- 
PCA was 1:32. All antisera obtained were stored at 
—20°C until used. 


Assessment of passive cutaneous anaphylaxis in 
rats. Normal male Wistar rats weighing 140 to 
160 g were sensitized passively by injection into the 
shaved skin of the diluted antisera (1:200 in the case 
of HTA, 1:4 in the case of anti-BSARS). After 48 h in 
the case of HTA and 4h in the case of anti-BSARS, 
0.5 mg of antigen (DNP-As or BSA, respectively) and 
0.5ml of 0.5% Evans blue were injected intra- 
venously. The animals were exsanguinated 30 min 
after challenge with the antigens. The area blued as a 
result of PCA was excised and measured. The amount 
of dye leaked was extracted with acetone containing 
sodium sulphate and measured photometrically 
(620 nm). The drugs to be tested were suspended in a 
0.5% aqueous solution of sodium carboxymethyl- 
cellulose (CMC) and administered orally except where 
stated otherwise. Animals were fasted for 16 h before 
experiments and water was provided ad libitum. 

The increase in vascular permeability caused by 
intradermal injections of histamine (10 pg/0.1 ml) or 
5-hydroxytryptamine (0.1/0.1 ml) was also 
assessed by the leakage of Evans blue. 


Oedema of rat hind paw 


Oedema was induced in male Wistar rats (weighing 
120 to 140g and fasted for 16h) by subcutaneous 
injection of 1.0% carrageenin (0.1 ml) into the hind 
paw. Drugs to be tested were administered orally 
30 min before the injection of carrageenin. The 
oedema was measured volumetrically every hour for 
5 h and expressed as (Et—En/En)x 100, where 
En=volume of hind paw before injection of carra- 
geenin, and Et= volume after injection. 


Anaphylactic histamine release from rat peritoneal 
cells in vitro 


Isolation and sensitization of peritoneal cells. Male 
Wistar rats weighing 180 to 220g were exsan- 
guinated and injected intraperitoneally with 10 ml of a 
solution containing (mmol/]): NaCl 137, KC! 2.7, 
CaCl, 1.8, MgCl,.6H,O 1.0 and glucose 5.6; 5 
units/ml of heparin was added and the pH adjusted to 
7.2 with 5% (v/v) of 0.1 M phosphate buffer. The 
abdominal region was massaged for several minutes, 
and the peritoneal exudate then collected into 
siliconized glassware. 

The cells were washed with the buffer solution and 
centrifuged (200 g for 3 min at 4°C) several times, and 
then separated. Cells from 10 animals were pooled. 
Peritoneal cells obtained in this way contained 34 to 
35% mast cells. 

The cells were sensitized by incubation, with 
occasional stirring, for 1h at 37°C in 4 ml of homo- 
cytotropic antiserum diluted with 0.9% w/v NaCl 
solution (saline) and containing 10 units of heparin. 
They were then washed twice with the buffer solution. 
Finally a suspension of about 6x 10* mast cells/ml 
was prepared. 


Histamine release and its assay. After pre-warming 
to 37°C for 5 min, 2.5 ml of the cell suspension was 
incubated for 20 min with 0.3 ml of test solution and 
0.2 ml of 300 pg/ml DNP-As as antigen. The reaction 
mixture was then centrifuged at 500 g for 10 min at 
4°C. 

The supernatant was assayed for released histamine 
and the precipitate for the residual cellular histamine 
according to the method of Shore, Burkhalter & Cohn 
(1959). 

Percentage release of histamine was calculated as 
(A/A +B) x 100, where A=ug of released histamine, 
and B=pg of residual cellular histamine. 
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Figure 2 Effact of drugs on (a) HTA-induced 
passive cutaneous anaphylaxis (PCA) and (b) anti- 
BSARS-induced PCA in rats. Each drug was 
administered orally 30min before challenge with 
antigen (DNP-As In (a) and BSA in (b)), see text. 
Doses of drugs (mg/kg) are given at the base of the 
columns. Numbers in parentheses indicate Inhibition 
as a percentage of the control value. Mean values 
from 5 (a) or 6 (b) observations are given. Vertical 
lines indicate s.e. mean. * P < 0.05, ** P<0.01. The 
amount of dye leaked (lower parts of columns} as a 
result of PCA-Induced by HTA or by anti-BSARS In 
controls was 10.4+0.90 and 16.0+0.90 yg/s!te 
respectively; the area was 105.14+2.90 and 
211.2+10.30 mm, respectively. 


The inhibition of histamine release by test drugs 
was calculated as (1—(D—S/C—S)) x 100, where C, 
D, S=percentage release of histamine in controls, in 
the presence of test drugs, and in the absence of 
antigen (spontaneous), respectively. Drugs to be tested 
were dissolved in 1% aqueous solution of NaHCQ,. 


Drugs 


The following drugs were used: phenylbutazone, indo- 
methacin, prednisolone, histamine dihydrochloride, 
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5-hydroxytryptamine creatinine sulphate, di- 
phenhydramine hydrochloride, cyproheptadine hydro- 
chloride, carrageenin, Evans blue (Merck), heparin 
(Novo), bovine serum albumin (Sigma) and Freund’s 
complete adjuvant (Difco). 


Results 


Passive cutaneous anaphylaxis induced with homo- 
cytotropic antibodies 


To examine the effect of N-5’ at doses of 100 and 200 
mg/kg orally on PCA induced by HTA, N-5’ was 
administered at 30, 60, 120 or 240 min before 
challenge with antigen (DNP-As). Inhibition was most 
potent at 30 or 60 min pretreatment with N-5’, and 
negligible at 240 min pretreatment (Figure 1). Thirty 
minutes pretreatment with drugs was therefore used 
when N-5' was compared with phenylbutazone, indo- 
methacin and prednisolone. The amount of dye leaked 
as a result of PCA in controls was 10.4+0.90 ug/site 
and the area 105.1 + 2.90 mm?. N-5’ produced a dose- 
dependent, potent inhibition of the leakage, whereas 
phenylbutazone, indomethacin or prednisolone had 
little or no effect (Figure 2a). The PCA was 
significantly inhibited by the combined pretreatment 
with 50 mg/kg of diphenhydramine and 10 mg/kg of 
cyproheptadine (not shown in Figure 2a). 


Passive cutaneous anaphylaxis induced with anti- 
bovine serum albumin rabbit serum 


The mean amount of dye leaked as a result of PCA 
induced by anti-BSARS in controls was 15.0+0.90 
ug/site and the area 211.2+ 10.30 mm? (Figure 2b). 
Doses of N-5’ which potently inhibited homologous 
PCA mediated by HTA, inhibited only slightly PCA 
induced by anti-BSARS. On the other hand, hetero- 
logous PCA was clearly inhibited by phenylbutazone, 
indomethacin and prednisolone in a dose-dependent 
manner. Diphenhydramine (50 mg/kg) and cypro- 
heptadine (10 mg/kg), singly or combined, produced 
only a slight inhibition (not shown in Figure 2b). 


Increased vascular permeability caused by histamine 
or 5-hydroxytryptamine in rats 


N-5’, phenylbutazone, indomethacin or prednisolone 
inhibited only slightly at the doses used the increased 
vascular permeability caused by histamine and 5- 
hydroxytryptamine (Figure 3). Diphenhydramine (50 
mg/kg p.o.) and cyproheptadine (10 mg/kg p.o.), 
inhibited increased vascular permeability by 76% and 
83%, respectively. 


Oedema of rat hind paw 


The rat paw oedema induced by carrageenin was 
inhibited by all tested doses of N-5‘, phenylbutazone, 
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Figure 3 Influence of drugs on the Increased 
vascular permeability caused by (a) histamine or (b) 
5-hydroxytryptamine. Each drug was administered 
orally 30 min before Injection of histamine (10 ug per 
site in 0.1 ml} or 5-hydroxytryptamine (0.1 ug per site 
in 0.1 ml). Doses of drugs (mg/kg), percentage 
Inhibition, mean+s.e. mean (6 observations) and P 
values are given as in Figure 2. The amount of dye 
leaked as a result of Intradermal injection of 
histamine and 5-hydroxytryptamine In controls was 
9.7+0.43 and 18.9+1.25 yg/site, and the area 
94.1+4.63 and 118.9+2.68 mm?, respectively. The 
influence of indomethacin on the Increased vascular 
permeability caused by 5-hydroxytryptamine was not 
tested. 


indomethacin and prednisolone (Figure 4). N-5' 
produced only about 26% inhibition at 150 mg/kg 
orally, while phenylbutazone, indomethacin and 
prednisolone were more potent. Inhibition was 
determined 1, 2, 3, 4 and Sh after carrageenin 
injection but the values at 3 h were used, because both 
the second phase of carrageenin oedema and the 
inhibitory action of the drugs were most pronounced 
at that time. 


Release of histamine from rat peritoneal cells induced 
by homocytotropic antibodies 


Cells sensitized with HTA were incubated with test 
drugs 1, 5, 10 or 20 min before challenge with antigen 
(DNP-As). Inhibition of the allergic histamine release 
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Figure 4 Influence of drugs on osdema of rat hind 


paw induced by carrageenin. Each drug was 
administered orally 30 min before injection of carra- 
geenin (1.0%, 0.1 ml/paw s.c.). Doses of drugs, 
percentage iInhibitlon, mean+s.e. mean (5 
observations) and P values are given as in Figure 2. 
Swelling was measured 3h after carrageenin 
Infection (see text). 


by N-5’ was most potent after 1 min and gradually 
decreased with longer preincubation times (not shown 
in Figure). One minute pretreatment with drugs was 
therefore used (Figure 5). 

Figure 5 shows the effect of 1, 10, 100 and 1000 um 
N-5’, phenylbutazone, indomethacin and prednisolone 
on the allergic histamine release from peritoneal cells. 
Mean total amount of histamine released as a result of 
antigen-antibody reaction from about 1.5 x 10° of rat 
peritoneal mast cells was 2.77+0.130 ug, cor- 
responding to 38.1+1.56% of the total histamine 
content (7.3 pg/1.5x 10° cells). The spontaneous 
release without antigen was 11.1 + 1.87%. 

The histamine release was significantly inhibited by 
100 and 1000 uM N-5’ but was hardly affected by the 
drug at a concentration of 10M or luM. Phenyl- 
butazone and indomethacin inhibited histamine release 
by 50% at a concentration of 1000 uM but had no 
effect at 100, 10 or 1 uM. Prednisolone had no effect 
at any concentration used. 


Discussion 


Homocytotropic antibodies (HTA) resembling human 
reaginic antibodies in their physicochemical and 
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Figure 5 influence of N-5’ (@), phenylbutazone (O), 
indomethacin (A) and prednisolone (A) on histamine 
release from rat peritoneal cells induced by homo- 
cytotropic antibodies (HTA) and antigen. Each drug 
was applied 1 min before challenge with antigen 
(DNP-As) (see text), Each experiment included 6 
observations. Vertical Ilnes indicate s.e. mean. 
**P<0.01. The antigen-antibody reaction released 
from about 1.5x 10° rat peritoneal mast cells 
2.77 +0.130 ug of histamine or 38.1 + 1.56% of the 
total histamine. Spontaneous release of histamine 
from sensitized cells without antigen was 
11.1+1.87%. Numbers In parentheses indicate 
percentage inhibition (see text). 


immunological properties (Mota, 1964; Bianaghi, 
Benacerraf, Block & Kourilsky, 1964) are induced in 
rats when antigen is injected with killed B. pertussis 
organisms as adjuvant. The rat antisera used in the 
present experiments was inactivated by a temperature 
of 56°C and persisted in the skin for at least 1 week. 
This supports the view that the homologous PCA 
involved reagin type antibodies only, and no attempts 
were made to obtain reagin fractions from rat sera. It 
is well established that reagin type antibodies induce 
histamine release by sensitizing mast cells. 

N-5’ significantly inhibited the HTA-induced PCA 
in rats in a dose-dependent manner, while inhibition of 
anti-BSARS-induced PCA was only slight. Phenyl- 
butazone, indomethacin and prednisolone produced 
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the reverse pattern. Combined treatment with diphen- 
hydramine and cyproheptadine significantly inhibited 
HTA-induced PCA but not anti-BSARS-induced 
PCA. This suggests that histamine and 5-hydroxy- 
tryptamine may mediate HTA-induced PCA but not 
anti-BSARS-induced PCA. Our data are supported by 
the findings of Goose & Blair (1969). 

N-5' and the anti-inflammatory agents inhibited 
only slightly the increased vascular permeability 
caused by histamine or 5-hydroxytryptamine. This 
suggested that the inhibitory action of N-5' on HTA- 
induced PCA was not due to antagonism to histamine 
and 5-hydroxytryptamine but to inhibition of the 
release of these mediators. The experiments with rat 
peritoneal cells suggested that N-5’ acts mainly on 
histamine release. Phenylbutazone and indomethacin 
inhibited this release only in I mM concentrations. 
Prednisolone was inactive. According to Mota & Ishii 
(1960), phenylbutazone (1540 pg/ml, about 5 mM) 
reduced anaphylactic histamine release only by 45%. 
The report that cortisone did not decrease the 
anaphylactic histamine release (Trethewie, 1958) 
agrees with our data. The inhibition by 1 mM phenyl- 
butazone and indomethacin may depend on 
uncoupling of oxidative phosphorylation and/or 
membrane stabilization since Miller & Smith (1966), 
Yamasaki & Saeki (1967) and Ignarro (1971) have 
shown that phenylbutazone and indomethacin inhibit 
the mast cell degranulation induced by compound 
48/80, by depressing the processes generating ATP and 
their anti-inflammatory effects are associated with 
stabilization of the lysosomal membrane. 

Rat paw oedema induced by carrageenin was 
effectively inhibited by the anti-inflammatory agents, 
but only slightly by N-5’. Yamasaki & Saeki (1967), 
reported that phenylbutazone, indomethacin, 
flufenamic acid and mefenamic acid inhibited the 
inflammatory oedema produced in rats by rabbit anti- 
rat serum. This oedema was not inhibited by N-S’ 
(Koda ef al., 1976). The pharmacological properties of 
the anthranilic acid derivative, N-5’ appear to differ 
from those of anti-inflammatory agents. As proposed 
by Koda et al. (1976), N-5’ could be an anti-allergic 
clinical drug, effective by oral application. Other 
pharmacological properties of N-5’ are now under in- 
vestigation. 
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A COMPARISON BETWEEN THE 


HYPOTHERMIA INDUCED BY INTRA- 


VENTRICULAR 


INJECTIONS OF THYROTROPIN 


RELEASING HORMONE, NORADRENALINE 
OR CALCIUM IONS IN UNANAESTHETIZED CATS 


G. METCALF! & R.D. MYERS 


Laboratory of Neuropsychology, Department of Psychological Sciences, Purdue University, 


West Lafayette, Indiana 47907, U.S.A. 


1 The hypothermia produced by intraventricular injections of thyrotropin releasing hormone (TRH) 
in unanaesthetized cats has been investigated. 

2 TRH is more potent than either noradrenaline or calcium ions. It is estimated that the equi-potent 
molar ratio for TRH : noradrenaline : calcium is 1 : 900 : 27,000. 

3 TRH injections also produce profuse salivation, tachypnoea, cutaneous vasodilatation and 
frequently defaecation and vomiting. It is considered that the increased respiration is a major cause of 
the hypothermia. 

4 Prior administration of phentolamine antagonized noradrenaline-induced hypothermia but did not 
affect hypothermia produced by TRH or calcium ions. Pretreatment with a-methyltyrosine did not 
affect the hypothermia induced by TRH, calcium ions or noradrenaline. 

§ The calcium antagonists verapamil and xylocaine did not antagonize hypothermia induced by an 
injection of calcium ions. 

6 The constituent amino acids of TRH did not produce hypothermia either individually or 
collectively. Thyroxine sodium produced a rise in temperature that was slow in onset, consistent with 


its known metabolic effects. TSH produced a small hypothermia unrelated to dose. 


Introduction 


Thyrotropin releasing hormone (TRH) was isolated 
from porcine hypothalamus in 1966 (Schally, Bowers, 
Redding & Barrett). The structure of the compound 
was later determined to be L-pyroglutamy]-L-histidyl- 
L-proline amide by Bøler, Enzmann, Folkers, Bowers 
& Schally (1969) and the molecule was synthesized 
for the first time in the same year (Folkers, Enzmann, 
Bøler, Bowers & Schally, 1969). It has been confirmed 
that the synthetic molecule possesses the same 
structure and biological properties as the naturally 
occurring compound. (Bøler et al, 1969; Burgus, 
Donne, Desiderio, Ward, Vale, Guillemon, Felix, 
Gillessen & Studer, 1970). 

Since its synthesis TRH has been investigated in a 
variety of neuropharmacological tests. The results 
obtained indicate that the molecule may have 
biological properties independent of its role in thyroid 
metabolism (Plotnikoff, Prange, Breese, Anderson & 
Wilson, 1972; Prange, Breese, Cott, Martin, Cooper, 
Wilson & Plotnikoff, 1974; Huidobro-Toro, Scotti de 


i Present address: Pharmaceutical Division, Reckitt & 
Colman, Dansom Lane. Kingston-upon-Hull, HU8 7DS. 


Carolis & Longo, 1974; Horst & Spirt, 1974; Keller, 
Bartholini & Pletscher, 1974). In addition there is 
current speculation amongst psychiatrists as to 
whether TRH is an effective antidepressant (Kastin, 
Ehrensing, Schalch & Anderson, 1972; Prange, 
Wilson, Lara, Alltop & Breese, 1972; Mountjoy, 
Price, Weller, Hunter, Hall & Dewar, 1974; Benkert, 
Gordon & Martschke, 1974) or that it may aid in the 
differential diagnosis of depressive illness (Ehrensing, 
Kastin, Schalch, Friesen, Vargas & Schally, 1974). 

In 1974 Metcalf reported that intraventricular 
injections of TRH produced hypothermia in un- 
anaesthetized cats but hyperthermia in unanaes- 
thetized rabbits and noted that noradrenaline had 
previously been reported to produce similar 
temperature effects to TRH in both of these species 
(Feldberg & Myers, 1963, 1964; Cooper, Cranston & 
Honour, 1965). Intrahypothalamic administration of 
calcium ions has also been reported to produce 
hypothermia in cats (Myers & Veale, 1971). The 
present investigations, in which the hypothermia 
produced by intraventricular injection of TRH in the 
cat was compared to the hypothermia produced by 
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noradrenaline or calcium administered by a similar 
route, were undertaken to ascertain whether TRH 
acted indirectly via either one of these other two 
agents and, in addition, to determine whether other 
thyroid hormones had similar effects. 

A brief account of some aspects of this work has 
been published previously (Metcalf & Myers, 1975b). 


Methods 


Twenty-one cats of either sex were used. At the time 
of implantation all the animals were in the weight 
range 2.0—6.0 kg. 


Surgical procedures 


The procedures previously described (Metcalf, Myers 
& Redgrave, 1975) were used to implant each animal 
with two guide tubes. Each guide tube consisted of a 
28mm length of 18 gauge stainless steel tubing 
(Popper Company, New York, NY) fitted with an 
indwelling stylet of the same length and tip bevel. For 
each animal the guide tubes were positioned so that 
their tips rested 4mm above the lateral ventricle on 
either side of the brain (i.e. 3 mm lateral and 7 mm 
caudal to Bregma). During surgery the correct 
positioning of each guide tube was verified by the 
rapid inflow of artificial CSF into the ventricle under 
gravity using a 32 mm (20 ga) injector. After they had 
been lowered to the appropriate position the guide 
tubes were anchored to the calvarium with cranioplast 
cement and stamless steel screws. A screw top 
polyethylene pedestal was fastened over the guide 
tubes to protect them and prevent subsequent 
infection. 


Experimental procedure 


All experiments were performed at a normal 
laboratory temperature of 20—22°C. Before each 
experiment began, a thermistor probe (type 401, 
Yellow Springs Instrument Company, Ohio) was 
inserted 10cm into the animal’s colon and held in 
place by surgical tape wrapped gently around the base 
of the tail. The rectal temperature was recorded 
continuously on a multi-channel potentiometric 
recorder. A base-line period of at least ih was 
recorded before an injection was made. Periodically 
throughout the experiment respiratory rate was 
counted and ear temperature assessed by touch. 
Animals were unrestrained throughout the 
experiments. Although animals were used repeatedly 
over a number of weeks at least 7 days were allowed 
to elapse between successive experiments. 
Intraventricular injections were made with a 1 ml 
sterile, disposable syringe connected by means of a 
length of polyethylene tubing (PE90) to a 32 mm 


injector constructed of 20 gauge stainless steel tubing. 
To give an injection the stylet was removed from the 
guide tube and the injector cannula was lowered so 
that its tip rested in the lateral ventricle 4 mm beyond 
the guide tube. The polyethylene tubing was then 
disconnected from the syringe and a small amount of 
solution allowed to flow into the ventricle under the 
influence of gravity to ensure that contact with the 
ventricular lumen had been established. Then the 
syringe was reconnected to the tubing and a 200 ul 
injection was made over a period of 2 minutes. After 
the injection the stylet was replaced immediately and 
the effects of the drug injection assessed over a period 
of at least 4 hours. 


Injection solutions 


All solutions were prepared with glass distilled, 
deionized water. An artificial CSF solution (Myers, 
1971) containing the chloride salts of Nat 145.0 mM, 
Ca*+ 1.3 mm, K+ 3.5 mM and Mg?+ 1.0 mM was used 
both for control injections and as the vehicle for drug 
injections. The drugs used were TRH (Reckitt & 
Colman), (—)-noradrenaline  bitartrate, a- 
methyltyrosine methyl ester, DL-thyroxine sodium, 
thyrotropin (Sigma), phentolamine mesylate (Ciba), 
xylocaine (Astra), verapamil hydrochloride (Knoll, 
AG). Doses were calculated in terms of the active 
ionic species. Each solution was sterilized by passing it 
through a sterile, disposable 0.224m Swinnex 
Millipore filter just before injection. The injection 
cannulae and polyethylene tubing were stored in 
0.0013% benzalkonium chloride solution and the whole 
injection system was flushed repeatedly with the 
solution to be injected just before use. 


Site verification 


At the conclusion of the experiments, 200 yl indian ink 
was injected into the ventricle concerned. The animal 
was then killed by an overdose of pentobarbitone 
sodium and the brain fixed by successive retrograde 
perfusions of isotonic saline and 10% buffered neutral 
formalin through the thoracic aorta after the heart had 
been clamped off. The ventricular system was then 
exposed (Myers, 1971) and the distribution of the 
injection volume ascertained by inspection. 


Results | 


Comparison of the hypothermia produced by intra- 
ventricular injections of TRH, noradrenaline or 
calcium ions 


Doses of 0.1—10.0 ug TRH given intravenously had 
no effect on body temperature. In contrast intra- 
ventricular injections of 50—200 ng TRH produced a 
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Figure 1 Dose-related hypothermias Induced by 
the Intraventricular injection of either thyrotropin 
releasing hormone (TRH, @), noradrenaline (W) or 
calcium (®). Each point Is the mean from 4—6 
experiments. Vertical lines show s.e. mean. 
Hypothermia was measured as the minimum 
temperature obtained within 2h of Injection. The 
shaded area represents the effect (mean+s.e. mean) 
produced by control injections of vehicle. 


dose-related hypothermia (Figure 1). This was 
immediate in onset, developed rapidly and reached its 
maximum value in approximately 30—45 minutes. In 
addition animals treated with TRH invariably 
exhibited profuse salivation, tachypnoea or even open- 
mouthed panting and cutaneous vasodilatation as 
evidenced by increased ear temperatures. Frequently 
the animals defaecated or vomited. All of these latter 
effects were usually completed within the first 30 min 
after injection. Thereafter body temperature returned 
to normal whilst the animal lay quietly and appeared 
tired or sedated. 

The administration of either noradrenaline 
(25-200 ug) or calcium (20—80 mM in excess of that 
normally found in CSF, for comparison these doses 
have been expressed as pg in Figure 1) by the intra- 
ventricular route, also produced hypothermia in cats. 
In both cases the effect produced was related to dose 
(Figure 1) but in neither case were these compounds 
comparable in potency to TRH. Approximate equi- 
effective dose-ratios TRH : noradrenaline: calcium 
were calculated to be 1:500 : 9000. Taking molecular 
weight into account the equi-effective molar ratio 
TRH : noradrenaline : calcium may be recalculated as 
1:900:27,000 thus making TRH the most potent 
hypothermic agent yet reported. 

Animals treated with noradrenaline or calcium did 
not exhibit the wide variety of effects observed after 
the intraventricular administration of TRH. After 
either noradrenaline or calcium vasodilatation was 
evident and maximum hypothermia was attained in 
30-60 min but neither the profuse salivation nor the 
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Figure 2 Changes in body temperature (°C) and 
respiratory rate (breaths/min) produced by Intra- 
ventricular injections of 0.1 pg thyrotropin releasing 
hormone (TRH), 50yg noradrenaline or 40mm 
excess calcium Into individual unanaesthetized cats. 
All injections made at time 0. 


rapid respiration observed after TRH were seen. 
Rarely did animals treated with noradrenaline or 
calcium defaecate or vomit. In almost every case they 
appeared quiet or sedated. 


The correlation between increased respiratory rate 
and hypothermia 


Figure 2 compares the time courses for hypothermias 
and respiratory changes observed after 100 ng TRH, 
50 ug noradrenaline and 40 mM excess calcium. These 
doses were selected for subsequent comparisons 
between TRH, noradrenaline and calcium. 
Examination of Figure 2 shows that whilst the effects 
of these doses on body temperature were comparable, 
the effects on respiratory rate were not. Only TRH 
produced intense tachypnoea after i.c.v. injection and 
this tachypnoea actually preceded the onset of 
hypothermia. 

To ascertain whether these two effects were related, 
a scattergram was constructed in which the fall in 
temperature produced by various doses of TRH 
(25—200 ng Lc.v) was plotted against the maximum 
respiratory rate observed after the same injection. 
Figure 3 illustrates the plotted data and the regression 
line which was fitted to them (v=53+82x). The 
positive correlation of 0.82 between fall in temperature 
and increased respiratory rate was significant 
(t=3.97; P < 0.001). 


The effect of phentolamine pretreatment on the 
hypothermia induced by noradrenaline, calcium or 
TRH 


The minimum effective dose of phentolamine for these 
experiments was found to be 125 ug. Doses in excess 
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Figure 3 Relationship between respiratory rate 
(breaths/min) and hypothermia (°C) Induced In un- 
anaesthetized cats by Intraventricular Injection of 
varlous doses of thyrotropin releasing hormone 


(TRH). 


of 250 pg themselves caused a fall in temperature of 
0.5--0.75° which lasted 2 or 3 hours, whilst doses less 
than 125ug had only marginal effects on the 
noradrenaline response. The results obtained when 
50 ug noradrenaline, 40 mM excess calcium or 100 ng 
TRH were administered 15 min after 125 pg 
phentolamine are illustrated in Figure 4. It can be seen 
that prior treatment with phentolamine significantly 
decreased the hypothermia produced by subsequent 
intraventricular injection of noradrenaline (t= 4.62; 
P<0.001). In contrast pretreatment with 
phentolamine produced no effect on the hypothermia 
which resulted from the intraventricular injection of a 
solution containing either excess calcium ions 
(t=-0.12; P> 0.1) or TRH (¢=0.86; P> 0.1). 


The effect of a-methyltyrosine pretreatment 


To determine whether intact cerebral noradrenaline 
stores are necessary for TRH or calcium ions to exert 
their hypothermic actions, the hypothermic effects of 
TRH, calcium and noradrenaline were compared both 
before and after depletion of central noradrena- 
line stores with a-methyltyrosine. Depletion of 
noradrenaline was obtained with a total dose of 
100mg a-methyltyrosine administered in divided 
doses by the intraventricular route. This dosage 
regimen has previously been shown to deplete cerebral 
noradrenaline in the cat (Cranston, Hellon, Luff & 
Rawlins, 1972). The results obtained are illustrated in 
Figure 5. It can be seen that the degree of hypothermia 
induced by an intraventricular injection of 50 ug 
noradrenaline, administered approximately 12 h after 
the last dose of a-methyltyrosine, is not significantly 
less than that obtained under control conditions 
(t=0.46; P>0.1). Similarly the ability of both TRH 
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Figure 4 The effect of phentolamine (125 pg, I.c.v.) 
pretreatment on the hypothermia induced by Intra- 
ventricular injections of 0,1 ug thyrotropin releasing 
hormone (TRH), 50 pg noradrenaline (NA) or 40 mm 
excess calcium In unanaesthetized cats. Shaded 
columns represent controls and open columns 
represent the post-phentolamine values. Values are 
mean obtained from 4 experiments. Vertical fines 
show s.e. mean. xxx indicates the result is significantly 
different from the control, P< 0.001. 
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Figure 5 The effect of a-methyltyrosine (100 mg, 
i.c.v. In divided doses) pretreatment on the 
hypothermla Induced by Intraventricular injections of 
0.1 ug thyrotropin releasing hormone (TRH), 50 ug 
noradrenaline (NA) or 40 mmM excess calclum in 
unangesthetized cats. Values are mean obtained from 
4 experiments. Vertical lines show s.e. mean. Shaded 
columns represent controls and open columns the 
post-a-methyiltyrosine values. 


(t=0.90; P>0O.1) and calcium (t=0.85; P>0.1) to 
provoke hypothermia was unaffected by depletion of 
central noradrenaline stores. 


Experiments with calcium antagonists 


The calcium antagonists verapamil (25—250 ug) and 
xylocaine (100—400 ug) (see Phillis, 1974) were used 
in an attempt to inhibit selectively calcium-induced 
hypothermia. Neither substance inhibited this effect of 
calcium. 


The effect of intraventricular injections of L-histidine, 
L-pyroglutamic acid or L-prolineamide on body 
temperature 


To determine whether the hypothermia observed after 
intraventricular injection of TRH could be attributed 
to a particular fragment of the complete molecule, the 
amino acids composing TRH were tested for their 
individual effects on body temperature. The results set 
out in Table | indicate that none of the three amino 
acids concerned has any effect on cats’ body 
temperature; neither did a mixture of all three acids. 


The effect of intraventricular injections of thyrotropin 
or thyroxine on body temperature 


TRH is known to stimulate the direct release of 
thyrotropin (TSH) from the adenohypophysis and this 
in turn releases thyroxine (T4) from the thyroid gland. 
The effect of these compounds on body temperature 
was determined to ascertain whether TRH acted 
indirectly to produce hypothermia. Thyroxine 
(0.25—1.0 ug, ic.v.) produced a dose-related rise in 
temperature (Table 2). There was a latent period of 
approximately 2h before the rise began, after which 
temperature rose slowly but steadily to’ reach a 
maximum value about 4h after the injection. Body 
temperature then remained elevated for several hours. 
During the hyperthermia the animals appeared 
subdued or sedated but exhibited none of the other 
effects observed after TRH administration. Cats 
treated with TSH (0.2—0.8 i.u., i.c.v.) exhibited small 
falls in body temperature (Table 2). The hypothermia 
was not related to the dose administered, was gradual 
in onset (peak hypothermia achieved in 1—2 h) and 
long in duration (2—4 hours). Immediately after the 
injection animals frequently mewed continuously for 
several minutes and appeared restless. Thereafter they 


appeared relaxed and playful. 


Table 1 The effects of Intraventricular infections of 
histidine, pyroglutamic acld and prollneamide on 
body temperature In the cat 


Amino acid Dose (ng) A$ °C 
Control — —0.10 +0.09 
L-Histidine 100 +0.05 +0.20 
L-Prolineamide 100 +0.06 + 0.08 
L~Pyroglutamic 100 —0.10 +0.12 
Equi-molar 

mixture of all 30, 30, 30 +0.08 + 0.09 
three acids 


Values are mean +s.e. mean obtained from 4 
experiments. Aj, is the maximum changed in body 
temperature produced within 1 h after injection. 
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Discussion 


TRH has been shown to be a more potent 
hypothermic agent than either noradrenaline or 
calcium when injected into the cerebral ventricles of 
unanaesthetized cats. The equi-potent molar ratio for 
TRH : noradrenaline: calcium was estimated to be 
1:900:27,000. As well as this great quantitative 
difference between TRH and the other two 
hypothermic agents there were marked qualitative 
differences between the effects observed after 
injection. After either noradrenaline or calcium the 
animals exhibited only cutaneous vasodilatation and 
appeared sedated. By comparison animals dosed with 
TRH exhibited signs of autonomic stimulation: 
profuse salivation, vomiting or diarrhoea together with 
marked increases in respiratory rate. Statistical 
analysis determined a positive correlation between the 
increased respiratory rate and the fall in temperature 
produced by TRH, so that at least one mechanism 
contributing towards the hypothermia is suggested. 
The different behavioural effects observed after 
TRH suggests that the peptide acts by a different 
mechanism from either noradrenaline or calcium. This 
tentative conclusion is supported by results from a 
parallel study in which microinjection of TRH into the 
hypothalamus failed to produce hypothermia or any 
of the behavioural effects seen after i.c.v. injection 
(Myers, Metcalf & Rice, unpublished observation). 
Previous workers have established that intra- 
hypothalamic administration of noradrenaline 
(Feldberg & Myers, 1965) or calcium (Myers & Veale, 
1971) will both reliably produce hypothermia in cats. 
As a result of their experiments with a variety of a- 
and f-adrenoceptor stimulants, Rudy & Wolf (1971) 
concluded that the central receptor with which 
noradrenaline reacted to induce hypothermia was a 
in nature. Other results with adrenoceptor 
blocking agents (Feldberg & Saxena, 1971) are in 


Table 2 The effect of Intraventricular injections of 
bL-thyroxine sodium or thyroid stimulating hormone 
(TSH) on body temperature in the cat 





Dose ALC 
pt-Thyroxine sodium 0.25 ug +0.21 +0.08 
0.5 ug +0.53 +0.17 
1.0 pg +0.90 +0.19 
TSH 0.2 iu —0.31 + 0.05 
0.4 lu —0.49 +0.13 
0.8 iu —0.20 + 0.02 


Values are mean+s.e. mean obtained from 4 
experiments. At,,, Is the maximum change In body 
temperature produced within 8h of the injection. 
TSH dosage is In International units (Iu). 
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keeping with this hypothesis. In the present 
experiments phentolamine, an a-receptor antagonist, 
was used successfully to antagonize hypothermia 
produced by a subsequent injection of noradrenaline. 
The same dose of phentolamine had no discernible 
effect on the hypothermia produced by either calcium 
ions or TRH. Thus neither TRH nor calcium appear 
to produce their hypothermic effects by stimulation of 
central a-receptors. The inference that central 
noradrenaline mechanisms are not involved in either 
TRH or calcium hypothermias was confirmed by the 
experiments with a-methyltyrosine. This latter 
compound decreases endogenous stores of nor- 
adrenaline by inhibiting the biosynthetic pathway 
for the catecholamine (Levitt, Spector, Sjoerdsma & 
Udenfriend, 1965) and it has been shown that 
a-methyltyrosine pretreatment abolishes the 
hypothermic activity of intraventricular tyramine 
(Metcalf & Myers, 1975a); a compound known to act 
indirectly via the release of endogenous noradrenaline 
from nerve endings (see Smith, 1973). Pretreatment 
with a-methyltyrosine had no effect on the 
hypothermia produced by noradrenaline, calcium or 
TRH implying that none of these three compounds act 
indirectly by releasing endogenous noradrenaline from 
nerve endings. 

The experiments with calcium antagonists were not 
conclusive. These compounds have been used by a 
number of workers to antagonize the effects of 
calcium ions on excitable tissues, and are thought to 
act by inhibiting the passage of calcium through 
membranes (see Phillis, 1974). In our experiments 
neither of the calcium antagonists used had any effect 
on the fall in body temperature induced by subsequent 
injections of calcium. Further experiments in which 
calcium antagonists are micro-injected into tissue sites 
known to be sensitive to calcium are indicated. 

TRH is a tripeptide composed of pyroglutamic acid 
and histidine together with the amide of proline. When 
these fragments of the TRH molecule were examined 
for hypothermic activity they were found to be 
ineffective, both individually or collectively, indicating 
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EXTRA-VESICULAR BINDING OF 


NORADRENALINE AND GUANETHIDINE 

IN THE ADRENERGIC NEURONES OF THE 

RAT HEART: A PROPOSED SITE OF ACTION 

OF ADRENERGIC NEURONE BLOCKING AGENTS 


A. GIACHETT! & R.A. HOLLENBECK!’ 


Department of Pharmacology, University of Texas Southwestern Medical School, Dallas, Texas, U.S.A. 


1 The binding and efflux characteristics of [!4C]-guanethidine and [°H]-noradrenaline were studied in 
heart slices from rats which were pretreated with reserpine and nialamide. 

2 Binding of both compounds occurred at extra-vesicular sites within the adrenergic neurone. After a 
brief period of rapid washout, the efflux of [*C]-guanethidine and [*H]-noradrenaline proceeded at a 
steady rate. The efflux of both compounds appeared to occur from a single intraneuronal 
compartment. 

3 (+)-Amphetamine accelerated the efflux of [!*C]-guanethidine and [*H]-noradrenaline; this effect 
was inhibited by desipramine. 

4 Unlabelled guanethidine and amantadine also increased the efflux of labelled compounds. Cocaine 
in high concentrations increased slightly the efflux of |'*C]|-guanethidine but not that of [°H]- 
noradrenaline. 

5 Heart slices labelled with (*H]-noradrenaline became refractory to successive exposures to 
releasing agents although an appreciable amount of labelled compound was still present in the slices. 

6 It is suggested that [C]-guanethidine and [°H]-noradrenaline are bound at a common extra- 
vesicular site within the adrenergic neurone. Binding of guanethidine to the extra-vesicular site may be 


relevant to its pharmacological action, i.e., the blockade of adrenergic transmission. 


Introduction 


In an attempt to elucidate the mechanism of action of 
adrenergic neurone blockers Abbs and colleagues 
(Abbs & Robertson, 1970; Abbs & Pycock, 1973; 
Abbs & Dodd, 1974) studied the intracellular 
distribution of noradrenaline in the spleen and in heart 
following the administration of bretylium and certain 
guanidinium compounds to cats and rats. These 
studies revealed significant changes in the intra- 
neuronal distribution of transmitter, which were 
temporally related to the onset of adrenergic neurone 
blockade; however, it is difficult to assign a functional 
role to subcellular fractions of tissue homogenates 
since they may not correspond to functional sites 
existing in intact tissues. 

An insight into the intraneuronal locus of action of 
adrenergic neurone blockers may be obtained by 
examining the interactions of these agents with 
amphetamine, a drug which readily prevents and 
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D.C. 20032, U.S.A. 


reverses the blockade of adrenergic transmission 
(Laurence & Rosenheim, 1960; Day & Rand, 1963). 

Since amphetamine displaces noradrenaline mainly 
from an extra-vesicular compartment (Farnebo, 1971) 
it is conceivable that the ability to prevent or reverse 
the adrenergic blockade and the noradrenaline 
releasing properties are causally related and effected at 
the same site. 

Other observations suggest that adrenergic 
neurone-blocking agents may induce a blockade of 
impulse transmission through an action on an extra- 
vesicular site within the neurone. For example, Shand, 
Morgan & Oates (1973), by examining the nerve- 
induced release of guanethidine and bethanidine from 
adrenergic nerve endings, indicated that the portion of 
guanidinium compounds retained in storage vesicles 
does not contribute to the development of adrenergic 
blockade and they postulated an extra-vesicular site of 
action for adrenergic neurone-blocking drugs. 

In view of the evidence implicating a possible inter- 
action of adrenergic neurone blockers with extra- 
vesicular stores of noradrenaline in the production of 
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adrenergic blockade, we have examined the 
characteristics of guanethidine and noradrenaline 
binding at extra-vesicular sites within the adrenergic 
neurone and factors which influence that binding. 


Methods 
Preparation and incubation of rat heart slices 


Female Sprague-Dawley rats (150--200 g) were used. 
Reserpine (2 mg/kg) and nialamide (100 mg/kg), when 
given, were administered subcutaneously 18 and 3 h, 
respectively, before killing. Heart ventricle slices 
(0.3 mm, 50—80 mg) were obtained with a Harvard 
tissue slicer. The slices were incubated in Krebs- 
Ringer bicarbonate (pH 7.4) supplemented with tri- 
carboxylic acid intermediates (Dengler, Spiegel & 
Titus, 1961) as well as ascorbic acid (50 mg/litre). 
After equilibration (15 min) slices were incubated with 
labelled noradrenaline ((+}[°H]-noradrenaline) or 
guanethidine (['*C]-guanethidine). Due to the 
difference in specific activity between these 
compounds (see below), and in order to obtain tissue 
levels of isotope adequate to perform efflux studies, 
heart slices were incubated with O0.lum PH]- 
noradrenaline for 30 min or with 1 uM ['C]-guane- 
thidine for 60 minutes. All incubations and washouts 
were performed at 37° in the presence of 95% O, and 
5% CO. 


Efflux of labelled compounds 


After incubation, the efflux of labelled compounds 
from the heart slices was followed by placing the tissue 
in 5 ml of the buffer and transferring to fresh buffer at 
5 min intervals for periods of up to 70 minutes. 

The ability of drugs to release labelled compounds 
from the slices was studied by including the test drug 
in the washout medium for brief periods of time. Thus, 
slices labelled with [*H]-noradrenaline were exposed to 
drugs for a single 5 min interval after 55 min of 
washout, unless otherwise indicated. In experiments 
involving the release of ['*C]-guanethidine, slices were 
exposed to drugs after 30 min of efflux and the 
exposure time was prolonged to 3 periods of 5 min 
each. This longer exposure was necessary in order to 
obtain levels of radioactive compound in the medium 
significantly higher than the baseline efflux. It should 
be mentioned that baseline efflux was subtracted from 
each sample (see calculations). 

The effect of a membrane transport inhibitor on 
release of labelled compounds was investigated by 
adding desipramine (10 uM) to the washout medium 
for 10 min before and during the interval of exposure 
to the releasing agent. 


Analytical determinations 


Radioactivity in the washout medium was determined 
by the addition of 2 ml of medium to 10 mi scintilla- 
tion fluid (Aquasol, New England Nuclear) and 
counting in a liquid scintillation spectrometer 
(Beckman) to a Statistical accuracy of +3%. The 
efficiency of counting averaged 39% for °H and 64% 
for "C. 

Tissue levels of labelled noradrenaline were deter- 
mined by homogenization of the tissue in 29 parts of 
0.4N HCIO, followed by centrifugation. Aliquots 
(0.5 ml) of the supernatant were placed in 10 ml 
scintillation solution and counted as above. In 
preliminary experiments incubation medium and 
perchloric acid extracts were absorbed onto alumina 
and eluted as described by Anton & Sayre (1962). The 
amount of radioactivity in the eluate after correction 
for recovery (53.496) was equal to the radioactivity 
present before purification, thus indicating that total 
radioactivity represented unchanged [?H]- 
noradrenaline. Results are therefore based on total 
radioactivity. Oxidative deamination can be excluded 
a priori in the present experiments since a 
monoamine-oxidase inhibitor was always employed. 

[14C]-guanethidine sulphate was purified before use 
by extraction into butanol-heptane mixture as 
described by Medina, Giachetti & Shore (1969) for 
debrisoquine and purity was confirmed by ascending 
paper chromatography. 

In experiments involving labelled guanethidine, 
radioactivity was determined directly in the incubation 
medium; tissue levels were determined by the same 
procedure described for [3H]-noradrenaline. 


Calculations 


The uptake of labelled compounds is expressed in 
terms of the ratio of radioactivity in the tissue (ct 
min~! g~t) corrected for cell water (85%) to that in the 
incubation medium (ct min`! mi-'). Rate of efflux of 
labelled compounds during washout is expressed as 
percentage efflux with time and was calculated as 
follows: 

ct/min released during 5 min 
% efflux =—_—_—__—-----__22mple interval | 100 

ct/min present in tissue at 

' beginning of sample interval 


To determine the level of labelled compound 
remaining in the tissues at any given 5 min sampling 
interval during washout, the total ct/min determined 
for each 5 min sample was added successively to the 
final tissue ct/min level, beginning with the last 
washout sample and ending with the first. Percentage 
efflux is a rate function and represents that portion of 
labelled compound released during a 5 min washout 


interval relative to the total radioactivity present in the 
tissue slice at the beginning of that interval. 

In the case of tissue slices which were subjected to 
the amine-releasing activity of drugs, percentage 
release is expressed as the difference in percentage 
efflux between the 5 min drug exposure interval and 
the preceding 5 min washout interval. The latter value 
represents a point at which the washout of labelled 
agent proceeds at a constant rate (baseline). 


Drugs 


Compounds used in the investigation included (+)- 
amphetamine sulphate, amantadine hydrochloride, 
guanethidine sulphate, cocaine hydrochloride, 
desipramine hydrochloride (DMI), nialamide base, 
reserpine phosphate, potassium chloride; (+}[7-7H]- 
noradrenaline, 13 Ci/mmM (New England Nuclear) 
and [!*C]-guanethidine sulphate, 4.1 mCi/mm (Ciba- 
Geigy). 


Results 


Accumulation of [4C]-guanethidine and PHJ- 
noradrenaline by rat ventricular slices 


Incubation of heart slices with [*C]-guanethidine or 
{?H]-noradrenaline resulted in the rapid accumulation 
of both compounds within the slices as indicated by 
the ratios of tissue concentration relative to the 
medium concentration of compounds (Table 1). 

Reserpine pretreatment decreased very con- 
siderably the accumulation of noradrenaline even 
when tissue monoamine-oxidase was inhibited by 
nialamide. In contrast, the initial uptake of ['*C]- 
guanethidine was not affected although the overall 
accumulation noted at longer incubation times was 
reduced (Table 1). 

To ensure that the labelled compounds were 
accumulated within the adrenergic neurone when 


Table 1 
effect of reserpine treatment 
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vesicular storage was impaired by reserpine, cocaine 
(10 uM), a potent inhibitor of the amine pump, was 
included in the incubation medium. In these conditions 
the accumulation of the [*H]-noradrenaline was 
inhibited by 90%, while that of [!*C]-guanethidine was 
inhibited by 51%; this different sensitivity to the action 
of cocaine suggests that part of the ['*C]-guanethidine 
accumulates in non-neuronal cells. 

These results indicate that in the absence of 
vesicular storage function, the adrenergic neurone 
maintains the ability to accumulate these compounds 
in the axoplasm where binding occurs at extra- 
vesicular sites. 

The following series of experiments illustrates the 
latter point. 


Efflux of [4C/-guanethidine and [?H/-noradrenaline 


Heart slices taken from reserpine-treated rats were 
allowed to accumulate [!*C]-guanethidine or [?HI]- 
noradrenaline and then transferred at regular intervals 
of time to tracer-free medium. The characteristics 
of the efflux of ['*C]-guanethidine and [?H]- 
noradrenaline from heart slices are depicted in 
Figure la. In this graph the radioactivity appearing in 
the medium is expressed as percentage of efflux 
against time (see Methods section), i.e. the graph 
represents the fractional rate of efflux of isotopic 
compounds from the slices. Analysis of Figure 1 
reveals an initial rapid rate of efflux of each compound 
lasting 10—15 min followed by a very slow and steady 
rate which amounts to 7—10% efflux per 5 minutes. 
This latter phase suggests that efflux of compounds is 
mainly from a single intracellular compartment. 
Another indication that [!C]-guanethidine exists in 
the slice in two kinetically different compartments is 
seen in the lower portion of Figure 1 where the isotope 
remaining in the tissue at the end of 5 min intervals, 
expressed as percentage of total taken up, is plotted 
against time. The same desaturation pattern is 
observed for [%H]-noradrenaline (Figure 1, lower 


Accumulation of ['4C]-guanethidine (['4C]-G) and [*H]-noradrenaline ([?H]-NA) by rat heart slices: 


Tissue to medium ratios + s.e. mean 


Incubation Control Reserpine 
time 
(min) [*Cc]-G PH]-NA ['*C]-G PHI-NA 
10 1.15+0.093 1.91+40.091 1.20 +0.041 0.66 + 0.027 
30 2.21+0.082 2.17 +0.037  1.89+0.122 1.17+0.084 
60 3.53 +0.367 5.194+0.420 2.68+0.163 1.58+0.099 


Each result is the mean of 3—5 experimental values. Reserpine-treated rats recelved 2 mg/kg subcutaneously, 
and nlalamide (100 mg/kg s.c.), 18h and 3h respectively before they were killed. Control designates rats 
receiving nialamide (100 mg/kg s.c.) 3h before they were killed. Slices were incubated with 0.1 uM PH]- 
noradrenaline or with 1 uM ['4C]-guanethidine as described in the Methods section. 
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Figure 1 Rate of efflux (a) of [?H]-noradrenaline (@) 
and ['*C]-guanethidine (A) during washout, and (b) 
semilogarithmic plot of labelled compounds 
remaining in rat heart slices during washout 
expressed as percentage of total Isotope taken up. 
Rate Is expressed as percentage of Isotope present 
which leaves the tissues during 5 mln period (see 
Methods section). Dotted lines in plot (b) are ex- 
trapolations: to t=O to determine half-times of 
desaturation. Heart slices In thls and followlng 
experiments were taken, unless otherwise indicated, 
from rats treated with reserpine (2 mg/kg s.c. 18 h) 
and nialamide (100 mg/kg s.c. 3 h). Each point is the 
mean of 6—8 experiments. Vertical lines show s.e. 
mean. 


panel). Extrapolation of the slow component of each 
curve allows the estimation of the half-time for efflux 
of [?H]-noradrenaline (33 min) and [!*C]-guanethidine 
(48 minutes). In the early phase of washout, the efflux 
is too rapid to permit an accurate determination of 
half-time of efflux. 


Release of [**C]-guanethidine and [H]-noradrenaline 
by amphetamine 


To examine the ability of amphetamine to induce the 
release of accumulated {!*C]-guanethidine and [*H]- 
noradrenaline from reserpine-treated rat tissue, heart 
slices were exposed to amphetamine for 15 or 5 min, 


% release 


(+) acai and 


Figure 2 Effect of amphetamine on efflux of PH]- 
noradrenaline (open columns} or (*C]-guanethidine 
(solid columns) from heart slices. Release expresses 
the portion of efflux of labelled compound above 
baseline washout when concentrations of (+)- 
amphetamine were present for 5min = ({?H]- 
noradrenaline) or 15 min ([C]-guanethidine). Each 
column is the mean of 6—8 observations. Vertical 
ines show s.e. mean. 





respectively, at a point during washout when efflux of 
either labelled compound had reached a steady rate. 
The release expressed as percentage efflux of the 
labelled compounds above baseline efflux is shown in 
Figure 2. The extent of release induced by 
amphetamine is similar for ['4C]-guanethidine and 
[3H ]-noradrenaline and, in the range of concentrations 
examined, appears to be related to the molarity of 
amphetamine. 

The overall amount of amphetamine-releasable 
noradrenaline was quite small (accounting for about 
6% of the noradrenaline taken up by the tissue) and 
the pool apparently was fully depleted during the 
interval of amphetamine exposure. In fact, a second 
exposure to amphetamine (10 uM) 25 min after the 
first exposure failed to promote release of the labelled 
compound although the slices still contained 
appreciable amounts of radioactivity. In other 
experiments we investigated the ability of 
amphetamine to release [!4C]-guanethidine and [*H]- 
noradrenaline accumulated in heart slices taken from 
untreated rats. The results shown in Table 2 indicating 
enhancement of the releasing properties of 
amphetamine in reserpine-treated slices relative to 
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Figure3 Effect of drugs on efflux of [H]- 
noradrenaline {open columns) and ['4C]-guanethidine 
(solid columns). Release expressed as In Figure 2. 
Drugs were present In washout medium for 5 min 
({*H]-noradrenaline) or 15 min (["*C]-guanethidine). 
On the abscissa scale guanethidine (0.1 mm) 
represents unlabelled compound. Each column is the 
mean of 6 observations. Vertical lines show s.e. 
mean. 


Table 2 Release of labelled guanethidine or 
noradrenaline by amphetamine: effect of reserpine 
pre-treatment 


% Release above baseline efflux 


Treatment [4c]-G PHI]-NA 
Control 4.6+0.17 2.76+0.12 
Reserpine* 15.7 +0.59 15.7 +0.87 


Each value Is the mean of 4 to 6 experiments + s.e. 
mean. Slices were labelled and subsequently exposed 
to amphetamine (10 uM) as described In the Methods 
section. 

* Reserpine (2 mg/kg s.c.) 18h before rats were 
killed. Control and reserpine-treated rats received 
nlalamide (100 mg/kg s.c.) 3 h before killing. 


normal slices suggest that reserpine treatment 
unmasks an amphetamine-releasable pool of either 
compound. 


Release of [*C]-guanethidine and PH]-noradrenaline 
by other agents 


The ability of unlabelled guanethidine and of the anti- 
parkinson agent amantadine to release [!‘C]- 
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Figure 4 Efflux of [?H]-noradrenaline from rat heart 
slices: (a) effect of exposure to unlabelled 
guanethidine (G0.1 mm) and later to (4+)- 
amphetamine (A 10 pm). Drugs were present at times 
indicated by solid arrow. In (b) exposure to (+)- 
amphetamine and later to unlabelled guanethidine. 
Dashed lines and arrows represent efflux In heart 
slices exposed to a single releasing agent at 55 min 
during washout. Percent efflux expressed as in 
Figure 1 (mean of 4 observations for both (a) and (b); 
vertical lines show s.e. mean), 


guanethidine and [*H]-noradrenaline accumulation in 
heart slices taken from rats pre-treated with reserpine 
and nialamide (see Methods section) was also 
examined. The results summarized in Figure 3 show 
that both agents promote release of the labelled 
compounds although they are much weaker than 
amphetamine. 

Since guanethidine and amantadine are known to 
inhibit the membrane amine transport mechanism 
(Mitchell & Oates, 1970; Farnebo, Fuxe, Goldstein, 
Hamberger & Ungerstedt, 1971) it was of interest to 
determine whether the increase in efflux of labelled 
compounds could be due to blockade of their reuptake 
through the neuronal membrane. However, cocaine, a 
potent amine uptake inhibitor, when tested at 0.1 mM 
proved to be ineffective as a releaser of [°H]- 
noradrenaline and promoted release of ['C]- 
guanethidine only to a minor extent (Figure 3). 

To determine whether amphetamine and 
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guanethidine, when used as releasing agents, were 
acting upon the same pool of accumulated labelled 
compound, a series of experiments was performed in 
which tissue slices loaded with [?H]-noradrenaline 
were exposed to either amphetamine (10 uM) or 
guanethidine (0.1 mM) followed by a later exposure to 
the agents in reverse order. Figure 4 shows that both 
agents promote labelled amine efflux upon initial 
exposure, while a later challenge with the alternate 
agent fails to produce additional release. Thus, 
guanethidine (0.1 mM) increased the efflux of PH]- 
noradrenaline (12% above baseline efflux) whereas 
exposure to amphetamine (10M) in the same 
preparation after 55min of wash promoted no 
additional release of isotope (Figure 4a). The same 
pattern of release was observed when exposure of the 
tissues to the releasing agents was reversed 
(Figure 4b). Failure to promote efflux of PH]- 
noradrenaline by a second exposure to a releasing 
agent was apparently not due to disappearance of 
labelled compound from the slice, since analysis of 
these tissues revealed a level of isotope comparable to 
slices which had been challenged by a single exposure. 


Effect of membrane transport inhibition on 
amphetamine-induced release of ['*C]-guanethidine 
and [?H)-noradrenaline 


When heart tissue slices loaded with ['*C]- 
guanethidine or [?H]-noradrenaline were exposed to 
desipramine (10 uM) for 10 min before and during 
exposure to amphetamine (10 uM), during washout, 
inhibition of release was observed (Table 3). Since 
desipramine was incapable of promoting release in 
these conditions, it appears that inhibition of release 
might be due to inability of amphetamine to gain 
access to the releasable store of labelled compounds. 


Table 3 Release of ['*C]-guanethidIne (['4C]-G) and 
[?H]-noradrenaline ([?H]-NA) by (+)-amphetamine 
from rat heart slices: effect of desipramine 


Drug % Release above baseline 
[conc 10 uM) efflux 
D*C]-G PH]-NA 
Amphetamine 15.7 +0.59 15,7 +0.87 
Desipramine + 
Mea 11.1 +0.62 8.5 +0.32 
Desipramine 0 0 


Results are*the mean+s.e. mean of 5 observations. 
Heart slices Incubated with desipramine for 10 min 
before challenge with (+)-amphetamine during 
washout of labeled compounds (see Methods 
section). Rats treated with reserpine and nialamide as 
in legend of Table 1. 


Discussion 


Adrenergic neuronal blocking agents inhibit 
sympathetic neurotransmission by preventing the 
release of noradrenaline in response to nerve 
stimulation (Boura & Green, 1957; Abercrombie & 
Davies, 1963). It has been suggested that the 
adrenergic neuronal blockers displace noradrenaline 
from an intraneuronal pool critical for the liberation of 
transmitter by nerve impulses (Abbs & Robertson, 
1971; Shand et al., 1973; Abbs & Dodd, 1974). 

To examine the possibility of an extragranular 
location as a site for interaction between guanethidine 
and noradrenaline, the function of the amine storage 
granules in the adrenergic neurone was inhibited by 
reserpine administration. Table 1 shows that such 
treatment reduces the ability of the heart slice to 
accumulate [7H]-noradrenaline and, to a lesser extent, 
['*C]-guanethidine; similar findings for the 
accumulation of guanethidine have been reported 
previously (Brodie, Chang & Costa, 1965). 

Evidence that part of the accumulated [C]- 
guanethidine and [°H]-noradrenaline may be bound to 
a single subcellular site was found in the efflux 
experiments. A large fraction (about 55%) of the total 
accumulated labelled compound left the tissues upon 
washout at a steady rate following the rapid dis- 
appearance of unspecifically bound amine. Of that 
labelled compound remaining in the tissues following 
the rapid phase of efflux, approximately 7% of the 
['*C]-guanethidine and 10% of the [?H]-noradrenaline 
left the tissues every 5 min possibly indicating 
dissociation from a binding site followed by efflux. 

Since amphetamine has been shown to be capable 
of releasing extragranularly bound noradrenaline 
(Lundborg & Waldeck, 1971; Farnebo, 1971) as well 
as reversing adrenergic nerve blockade (Laurence & 
Rosenheim, 1960; Follenfant & Robson, 1970), the 
agent was selected as a pharmacological tool to aid in 
relating noradrenaline binding and release 
characteristics to those of the adrenergic neuronal 
blocker, guanethidine. Amphetamine (10M) was 
found capable of releasing about 16% of the total 
[}4C]-guanethidine or [7H]-noradrenaline remaining in 
the tissue after washout of unspecifically bound amine 
(Figure 2). 

The size of the amphetamine-releasable store of 
[4*C]-guanethidine and [*H]-noradrenaline in the 
adrenergic neurone is apparently increased by 
reserpine treatment (Table 2). This enhancement of an 
amphetamine-releasable amine store has been 
observed for noradrenaline by other investigators 
(Farnebo, 1971; Enna & Shore, 1974) and probably 
reflects a different intraneuronal distribution of 
labelled compounds accumulated when the granular 
storage function is inhibited by reserpine. 

Further evidence for a common or related intra- 
neuronal binding site for guanethidine and 


noradrenaline is found in the experiments testing the 
ability of unlabelled guanethidine and amantadine (an 
anti-parkinson agent possessing some sympatho- 
mimetic properties) to promote release of accumulated 
['*C]-guanethidine and [(?H]-noradrenaline from heart 
slices (Figure 3). Amantadine, which can reverse 
adrenergic neuronal blockade (unpublished 
observations), also displayed an ability to promote 
efflux of the labelled compounds, thus strengthening 
the relevance of the extra-vesicular compartment for 
the maintenance of the adrenergic neurone blockade. 
The finding that the [*H]-noradrenaline bound extra- 
vesicularly is readily exhausted by a single exposure to 
amphetamine is indicative of a small and discrete 
compartment which cannot be refilled by the relatively 
large pool of isotope contained within the neurone. It 
is also apparent that unlabelled guanethidine releases 
[3H]-noradrenaline from the same compartment since 
its releasing action can be abolished by previous 
challenge with amphetamine (Figure 4). Failure to 
elicit further release of [*H]-noradrenaline by a second 
exposure to amphetamine or guanethidine might be 
due to binding of the releasing agent to extra-vesicular 
sites. The results of this study indicate that guane- 
thidine interacts with extra-vesicular sites in a manner 
similar to that of {*H]-noradrenaline and indeed it 
might replace the transmitter at these sites. That a 
similar mechanism might be operant for amphetamine 
can be inferred by the similarities with the releasing 
action of guanethidine. It is of interest to note that 
while desipramine or cocaine do not affect the 
accumulation of amphetamine in rat tissues (Ross & 
Renyi, 1964; Thoenen, Huerlimann & Haefely, 1968) 
desipramine reduces considerably the releasing effect 
of amphetamine on compounds accumulated extra- 
vesicularly (Table 3). These results confirm and extend 
the work of Lundborg & Waldeck (1971) who 
suggested that extra-vesicular noradrenaline is 
selectively localized in a site accessible via the 
membrane amine transport mechanism. 

It is tempting to speculate that reversal of 
guanethidine-induced adrenergic neuronal blockade 
by sympathomimetic amines may be due to 
displacement of the blocker from an intraneuronal 
binding site. Reversal of adrenergic neuronal blockade 
has been shown to be accompanied by a loss of 
blocker from adrenergically innervated tissue 
(Kirpekar & Furchgott, 1972; Shand et al., 1975). 
Although inhibitors of the neuronal membrane 
transport mechanism (e.g. cocaine) have been found to 
reverse adrenergic neuronal blockade, they appear to 
do so more gradually than amphetamine (Gerkins, 
McCulloch & Wilson, 1969) and are apparently more 
effective in preventing blockade than reversing it (Day, 
1962) and do not reverse blockade persistently 
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(Kirpekar, Wakade, Dixon & Prat, 1969). These 
observations suggest that while amphetamine may 
owe part of its adrenergic neuronal blockade reversal 
properties to its ability to prevent reuptake of 
adrenergic neuronal blockers, a major mechanism 
might be the displacement of the neurone blocker from 
intraneuronal binding sites. The selective displacement 
of adrenergic neuronal blocking drugs from a critical 
intraneuronal site might then allow such a store to 
refill with noradrenaline and thus restore nerve 
function. Some workers have concluded that 
adrenergic neurone blockers inhibit transmission by 
depressing the excitability of adrenergic nerve 
terminals (Haeusler, Haefely & Huerlimann, 1969), 
This interpretation does not account for the immediate 
and complete reversal of adrenergic blockade 
observed after administration of amphetamine and 
related compounds. Binding of adrenergic neurone 
blocking agents to a selective intraneuronal site might 
explain the rapid onset of nerve blockade as well as the 
rapid reversal seen after amphetamine. Displacement 
by amphetamine of bound [!*C]-guanethidine noted in 
this investigation has also been recently reported to 
occur for [3H]-bretylium accumulated in rat atria 
(Ross & Gosztonyi, 1975). The role of extra- 
vesicularly bound noradrenaline in adrenergic 
transmission is speculative at the present. Evidence 
that the depolarization of neuronal membrane by 
nerve impulses promotes the release of noradrenaline 
from storage vesicles is firmly established (Malmfors, 
1969; Farnebo, 1971) but little is known about the 
intermediate steps involved in this process. 

It is possible that membrane depolarization 
activates a small intraneuronal pool of noradrenaline 
located near the terminal membrane; the liberation of 
noradrenaline from this site triggers the release of 
larger amounts of transmitter from storage vesicles. 
This concept is analogous to the mechanism postulated 
for acetylcholine in ganglionic transmission (Koelle, 
1962); the adrenergic neurone would then utilize one of 
its characteristic constituents, i.e. noradrenaline in a 
sequential fashion to transmit information. Substitution 
of noradrenaline bound at the extravesicular site by 
guanethidine would result in suppression of transmitter 
release from storage vesicles. Day & Rand (1963), after 
examining the interactions of guanethidine and dex- 
amphetamine concluded that these agents act com- 
petitively at ‘receptors’ located at the ‘store’ of 
noradrenaline. Our results support this interpretation 
and suggest that the ‘receptors’ alluded to are extra- 
vesicular binding sites in the adrenergic neurones. 


This work was supported by U.S.P.H.S. Grant MH-05831, 
HL 19300-01. 
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CARDIOVASCULAR EFFECTS OF DOPAMINE AFTER 
CENTRAL ADMINISTRATION INTO CONSCIOUS CATS 


M.D. DAY’ & A.G. ROACH? 


Pharmacological Laboratories, Department of Pharmacy, University of Aston, Birmingham, B4 7ET 


1 Dopamine (30 and 45 ug) administered intracerebroventricularly (i.c.v.) to a group of 10 conscious 
normotensive cats caused dose-related increases in blood pressure and heart rate. In 4 of these animals 
the initial cardiovascular stimulant effects of i.c.v. dopamine were followed by hypotension and 
bradycardia. 

2 a-Methyldopamine (30 and 45 ug ic.v.) produced qualitatively similar responses to dopamine 
except that the cardiovascular stimulant effects were smaller and the secondary depressant effects 
somewhat more prolonged. 

3 Both stimulant and depressant effects of i.c.v. dopamine and a-methyldopamine were greatly 
inhibited by autonomic ganglion blockade or by adrenergic neurone blockade. 

4 The cardiovascular stimulant effects of both ic.v. dopamine and ic.v. a-methyldopamine were 
selectively inhibited by -adrenoceptor blocking agents whilst the cardiovascular depressant effects of 
these substances were abolished by the a-adrenoceptor blocker phentolamine or by the dopamine-f- 
hydroxylase inhibitor disulfiram. 

5 Haloperidol by either i.c.v. or the intravenous route abolished both cardiovascular stimulant and 
depressant effects of i.c.v. dopamine, whilst pimozide by either route inhibited only the cardiovascular 
stimulant effects. 

6 In 2 cats, injection of dopamine into the cisterna magna produced predominantly depressant 
effects on the cardiovascular system except with a higher dose which induced biphasic responses. 


Introduction 


Numerous reports have appeared in recent years 
concerning the mechanism of the cardiovascular 
depressant effects usually seen after the central 
administration of noradrenaline and related sympatho- 
mimetic amines in conscious and anaesthetized cats 
and rats (for instance, Henning, 1973; 1975; Van 
Zwieten, 1973; Day & Roach, 1974a,b; de Jong, 
Nijkamp & Bohus, 1975; Struyker-Boudier, Smeets, 
Brouwer & van Rossum, 1975). In general, it appears 
that hypotension and bradycardia result from 
stimulation of a-adrenoceptors in the lower brain stem 
(see references above) and in the anterior 
hypothalamus (Toivola & Gale, 1970; Struyker- 
Boudier, Smeets, Brouwer & van Rossum, 1974). In 
addition, -adrenoceptors may also be concerned in 
the central control of blood pressure since intra- 
cerebroventricular (i.c.v.) isoprenaline in conscious 
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cats usually caused cardiovascular stimulant effects 
(Day & Roach, 1972; 1973; 1974a). 

Dopamine is the immediate physiological pre- 
cursor of noradrenaline, and in addition, itself 
possesses neurotransmitter functions in the brain. 
However, little work has been reported concerning a 
possible role for dopamine in the central regulation of 
blood pressure. McCubbin, Kaneko & Page (1960) 
found that i.c.v. dopamine in anaesthetized dogs had 
no effect on blood pressure unless monoamine oxidase 
had previously been inhibited when it produced hypo- 
tension, bradycardia and marked impairment of the 
carotid sinus pressor reflex. Intracerebroventricular 
dopamine has been reported to cause hypotension and 
bradycardia in rats and cats (Baum & Shropshire, 
1973; Heise & Kroneberg, 1973; Finch, Hersom & 
Hicks, 1975), and also when applied to the ventral 
surface of the brain stem (Bloch, Bousquet, Feldman, 
Velly & Schwartz, 1974). Finch et al. (1975) found 
that inhibition of dopamine-§-hydroxylase abolished 
the cardiovascular depressant effects of a- 
methyldopamine in conscious rats suggesting that 
these effects were mediated via formation of a- 
methylnoradrenaline. This observation casts doubt on 
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the validity of previous reports concerning the central 
actions of dopamine since part, at least, of any 
observed effects may have been due to the formation 
of noradrenaline. 

‚We have studied the effects of centrally- 
administered dopamine on the blood pressures and 
heart rates of conscious normotensive cats both before 
and after inhibition of dopamine-f-oxidase. 


Methods 


Ten cats of either sex, weighing between 2.5—4.5 kg 
were used in this study. Under halothane anaesthesia 
arterial and venous cannulae were inserted by the 
method of Day & Whiting (1972). The blood pressure 
recording system consisting of catheters, valve and 
transducer were tested to ensure that the frequency 
response of the system was adequate to give reliable 
measurements of both systolic and diastolic pressures. 
The system was tested with an electromagnetic 
pressure generator (Ardill, Fentem & Wellard, 1967). 
The recording system used in the cat experiments gave 
no damping of sinusoidal pulses with frequencies up to 
5 Hz when compared with a similar transducer 
connected directly to the pulse generator. In -the 
present experiments resting heart rates were of the 
order of 100—130 beats/min and rarely exceeded 200 
beats/min in response to drugs and thus the system was 
considered adequate for the measurement of both 
systolic and diastolic pressures. A modified Collison 
Cannula (Cooling, Day & Roach, 1974) was implanted 
in the left lateral cerebral ventricle (i.c.v.) as described 
by Feldberg & Sherwood (1953). At least seven days 
elapsed following operation before each cat was used in 
an experimental study. 


Injections into the cisterna magna 


Two cats previously cannulated for ic.v. injection 
were additionally cannulated for injections into the 
cisterna magna (i.c.m.). A cannula guide was made 
from a No. 0 hypodermic needle based upon the guide 


described by Feldberg, Myers & Veale (1970). The 
needle shaft was cut and filed to a length of 18 mm. 
The guide was cemented to the skull so that its tip 
rested just above the atlanto-occipital membrane. A 
No. | gauge hypodermic needle was inserted into the 
guide until it punctured the membrane; cerebrospinal 
fluid rose up the needle. The injection needle was fixed 
in this position with quick drying epoxyresin and 
capped with a sealed piece of polyethylene tubing. 


Drugs 


Drugs infused i.c.v. or i.c.m. were dissolved in sterile 
0.9% w/v NaCl solution (saline) (‘Steriflex’, Allen & 
Hanbury’s Ltd) except where otherwise stated. Intra- 
cerebroventricular and i.c.m. drug administrations 
were made in volumes of 100 and 50 ul respectively 
and were infused over a 4 min period with a constant 
infusion pump (Scientific and Research Instruments 
Ltd). 

The drugs used were: dopamine hydrochloride 
(Sigma), (-) a-methyldopamine hydrochloride (Merck, 
Sharp & Dohme), isoprenaline sulphate (BDH), 
pempidine tartrate (May & Baker), hexamethonium 
bromide (Koch-Light Labs.), tetramethylammonium 
chloride (BDH), bethanidine sulphate (Burroughs 
Wellcome), guanethidine monosulphate (Ciba), (+) 
and (+}propranolol (ICI), (+) and (+}alprenolol 
(Astra), lignocaine hydrochloride (BDH), procaine 
hydrochloride (BDH), phentolamine methane 
sulphonate (Ciba), haloperidol and pimozide (Janssen 
Pharmaceuticals) and disulfiram (tetraethylthiuram 
disulphide, BDH). 

The doses in the text of (+}alprenolol, haloperidol 
and pimozide are quoted as base and all other doses as 
the salts mentioned above. Disulfiram was injected 
intraperitoneally as a suspension in sterile saline using 
compound powder of Tragacanth BPC as the 
suspending agent. Haloperidol was dissolved in dilute 
lactic acid and the pH of the solution adjusted to 4.8 
with 0.1 N NaOH. Pimozide was dissolved in 0.1% 
w/v tartaric acid and the pH adjusted to 5.5 with 
0.IN NaOH. 


Table 1 Maxima! Increases In blood pressure and heart rate (mean+s.e.) induced by two dose levels of each 
of dopamine and a-methyldopamine administered into the lateral cerebral ventricles of a group of conscious 
cats which responded to both drugs with simple cardiovascular stimulation 


Arterial blood pressure 
Total increase (mmHg) Heart rate 
dose No. of increase No. of 
Agonist fugi.c.v.}) responses Systolic Diastolic (beats/min) cats 
D l 30 18 27.6 +3.1 25.4 +43.2 15.1+3.6 6 
SRPNA 45 12 36.8 +4.0 30.7 +4.1 20.9+3.8 
Methvld j 30 4 13.24 1.7 11.0 41.4 10.9 +2.1 1 
a at aah ses 45 4 18.641.9 17.2+1.8 14.341.9 
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Results 


Cardiovascular effects of i.c.v. dopamine and a- 
methyldopamine 


The resting blood pressures and heart rates of the 10 
animals used in this study were initially similar and 
remained virtually constant throughout the period of 
the study. Three controi recordings of each cat were 
made on separate days and the group mean 
pressures were 114.3+2.3 mmHg (systolic) and 
82.6+3.2 mmHg (diastolic) and the heart rate 
139.7+4.1 beats/minute. 

Dopamine (30 and 45 ug ic.v.) produced dose- 
related increases in blood pressure and heart rate in 6 
cats and biphasic responses consisting of initial 
stimulant followed by prolonged depressor effects in 
the remaining 4. In those cats responding with pure 
stimulant effects the diastolic and systolic pressures 
were increased to a similar extent and the peak rises in 
blood pressure and heart rate occurred within 10 min 
of starting the drug infusion and had subsided within 
30-45 min (Table 1). In those cats responding 
biphasically to i.c.v. dopamine the initial stimulant 
effects were over within 30 min of the infusion and 
were followed by depressor effects which reached a 
maximum 45—60 min post infusion with control levels 
of blood pressure and heart rate regained by 90 min 
(Table 2). 

a-Methyldopamine (30 and 45pg) was 
administered i.c.v. to 3 cats. In one cat it produced 
only stimulant effects on blood pressure and heart rate 
(Table 1) whilst in the remaining 2 it regularly 
produced biphasic responses (Table 2). The pressor 
and heart rate components of the responses to a- 
methyldopamine were smaller than those produced by 
the same dose of dopamine in each cat tested whilst 
the depressor effects were similar (Tables 1 and 2). 


Effect of autonomic ganglion blockade 


Autonomic ganglion blockade was produced either by 
pempidine (5 to 7.5 mg/kg iv.) or by hexamethonium 
(5 to 10 mg/kg). These dose levels were sufficient 
to abolish completely the pressor responses pro- 
duced by the autonomic ganglion stimulant 
tetramethylammonium bromide (75 pg/kg iv.). After 
ganglion blockade the pressor responses to ic.v. 
dopamine and a-methyldopamine were abolished as 
were the secondary depressor components in those 
animals responding biphasically. Figure 1 illustrates 
an experiment in a cat which responded with a simple 
pressor response to i.c.v. dopamine (45 ug) with little 
change in heart rate. The pressor response was 
abolished 45 min after hexamethonium (10 mg/kg 
i.v.). 


Effect of adrenergic neurone blockade 


The cardiovascular effects of i.c.v. dopamine (30 and 
45 ug) were markedly reduced or abolished after 


33 


Table 2 Maximal Initial Increases and secondary decreases in blood pressure and heart rate (mean + s.e.) Induced by two dose levels of 
each of dopamine and a-methyldopamine administered into the lateral cerebral ventricles of a group of conscious cats which responded 


biphasically to both drugs 


secondary 
decrease 


Arterial blood pressure Heart rate 
secondary decrease 


Heart rate 
initial 


Arterlal blood pressure 
initial increase 


Total 


(mmHg) 


No. of 


(mmHg) 


Systolic 


increase 


(beats/min} 


No. of 
responses 


dose 
( ug Lev.) 


(beats/min) cats 


Diastolic 


Diastolic 


Systolic 


Agonist 


+23.1+2.9 +22.043.1 +14.243.8 —1224+2.6 —12.742.7 —16.64+3.0 
+30.843.2 +29.54+3.3 +19.94+3.9 —1864+2.9 —18.94+3.0 —23.2+3.2 


12 
12 


30 
45 


Dopamine 


O ~11.94+2.3 —13.7+3.1 


+2 


5 +16.94+3.8 —16.74+3.3 —17.043.4 ~20.2+4.0 


5 +11.2+3.1 —11.1 


+10.6424 + 9 
+19.34+2.8 +17 


30 8 
8 


45 


a-Methyldopamine 


607 
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Figure 1 Consclous cat; blood pressure and heart rate recordings. In (a) I.c.v. dopamine (45 ug) produced a 
large rise In blood pressure with little change in heart rate. This effect was abolished In (b) 45 min after 
ganglion blockade with hexamethonlum (10 mg/kg, i.v.}. Time-marker in this and subsequent figures is in one 
minute intervals. 
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Figure 2 Conscious cat; blood pressure and heart rate recordings. The pressor response and tachycardia 
produced by i.c.v. dopamine (45 yg) in (a) were markedly reduced in (b) 2 h after adrenergic neurone blockade 
with bethanidine (5 mg/kg Lv.) 


adrenergic neurone blockade with bethanidine of bethanidine (5 mg/kg i.v.). Guanethidine was used 
(5 mg/kg iv.) in each of 10 cats tested. Figure 2 in 2 cats (7.5 and 10 mg/kg iv. respectively) and 
illustrates an experiment in which the pressor effect virtually abolished all the cardiovascular changes 
and tachycardia produced by ic.v. dopamine (45 ug) induced by i.c.v. dopamine. 

were considerably reduced 2 h after the administration In 3 cats adrenergic neurone blockade by 
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Figure 3 Conscious cat; blood pressure and heart rate recordings. In (a) i.c.v. dopamine, at two dose levels, 
produced pressor responses associated with tachycardia. In (b) are shown the responses Induced by Lv. 
dopamine. Between (b) and {c} (+)-propranolot (0.75 mg) was infused i.c.v. and panel (c) which commences 
30 min later shows the unaltered responses to dopamine by the l.v. route and the abolition of responses to 


c.v. dopamine. 


bethanidine or guanethidine produced a similar 
inhibition of the cardiovascular effects of ic.v. a- 
methyldopamine (45 ug). 


Effect of ic.v. pretreatment with B-adrenoceptor 
antagonists 


In the 6 cats which responded regularly with pressor 
effects and tachycardia to i.c.v. dopamine these effects 
were markedly inhibited 45—60 min after (+)- 
propranolol or (+}alprenolol (0.5 to 1.0 mg, i.c.v.). 
These i.c.v. doses of B-adrenoceptor blockers have 
been shown previously to abolish completely the 
cardiovascular effects of i.c.v. isoprenaline in this 
preparation (Day & Roach, 1974a). Figure 3 
illustrates the total blockade of the cardiovascular 
stimulant effects of i.c.v. dopamine (30 ug) by (+) 
propranolol (0.75 mg, i.c.v.). In this experiment the 
pressor effects and associated bradycardias produced 
by intravenous dopamine (30 g/kg) were unaffected 
by the central -adrenoceptor blockade indicating that 
in this experiment the effects of both dopamine and 
propranolol after i.c.v. administration are confined to 
the central nervous system. 

In 4 cats in which i.c.v. dopamine produced 
biphasic blood pressure responses both (+)- 


propranolol and (+)-alprenolol inhibited the initial 
pressor responses and associated tachycardias but did 
not affect the secondary hypotensions and 
bradycardias. These -adrenoceptor blocking agents 
produced similar effects on the stimulant responses to 
ic.v. a-methyldopamine in 3 cats responding with 
simple cardiovascular stimulant effects and also in 2 
others responding biphasically to this drug. 
Administration of (+)-propranolol (0.25 to 0.5 mg 
i.c.v.) or (+}-alprenolol (0.25 to 0.75 mg) did not affect 
the cardiovascular effects of either dopamine or a- 
methyldopamine administered i.c.v. Similarly, the 
local anaesthetics lignocaine (0.75 to 1 mg ic.v.) and 
procaine (1.5 to 2 mg i.c.v.) were ineffective. 


Effect of ic.y. pretreatment with an a-adrenoceptor 
antagonist 


In the 6 cats responding with cardiovascular 
stimulation to iic.v. dopamine the administration of 
the a-adrenoceptor antagonist phentolamine (0.5 to 
0.75 mg ic.v.) did not affect these responses. 
However, in the 4 cats responding biphasically to i.c.v. 
dopamine, i.c.v. phentolamine prevented the 
development of the secondary bradycardia and hypo- 
tension but did not affect the initial stimulant effects. 
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Figure 4 Conscious cat; blood pressure and heart rate recordings. In (a), I.c.v. dopamine (45 ug) produced a 
large pressor response and tachycardia. (b) Haloperidol (400 yg I.c.v.) produced similar initial cardiovascular 
stimulation as did dopamine and 60 min later in (c) the effects of I.c.v. dopamine were abolished. 


The responses to i.c.v. a-methyldopamine were altered 
in the same way by i.c.v. phentolamine. 


Effect of central dopamine receptor blockade 


Haloperidol (400 ug, i.c.v.) produced a marked rise in 
blood pressure and heart rate in each of the 4 cats in 
which it was used. When these initial stimulant effects 
had subsided it was found that both stimulant and 
depressor effects of i.c.v. dopamine were abolished. 
These effects of haloperidol are illustrated in Figure 4. 
Since haloperidol was dissolved in an acid vehicle the 
effect of this alone was tested in 2 cats. The injection 
vehicle itself caused only a small pressor effect after 
i.c.v. infusion and did not affect the cardiovascular 
changes induced by i.c.v. dopamine. 

Intravenous haloperidol (1 mg/kg) produced only 
slight cardiovascular stimulant effects itself but was as 
effective by this route as by i.c.v. administration in 
blocking both stimulant and depressor phases of the 
i.c.v. dopamine responses in two cats responding 
biphasically. 

Pimozide (100 to 200 yg i.c.v.) produced much 
smaller cardiovascular stimulant effects than did Lc.v. 
haloperidol, control blood pressure and heart rate 
levels being regained after approximately 10 minutes. 
In 2 cats which responded with simple pressor 


responses to i.c.v. dopamine (45 ug) these effects were 
abolished 60 min after i.c.v. pimozide (200 pg). In 2 
other cats which responded biphasically to i.c.v. 
dopamine the initial stimulant but not the secondary 
depressor phase of the response was abolished by .c.v. 
pimozide. The vehicle in which pimozide was 
dissolved had no effects on the cardiovascular system 
which infused i.c.v. in similar volumes to those used 
for drug administration. 

Intravenous pimozide (1 mg/kg) effectively 
inhibited the cardiovascular stimulant effects of i.c.v. 
dopamine (45 ug). Figure 5 illustrates an experiment 
with a cat which initially responded biphasically to the 
i.c.v. administration of dopamine. One hour after 
pimozide (1 mg/kg i.v.) the cardiovascular stimulant 
effects of iic.v. dopamine (45 ug) were abolished, but 
the secondary hypotension and bradycardia still 
occurred. 


Effect of dopamine-B-hydroxylase inhibition 


Each of the 4 cats which responded biphasically to 
i.c.v. dopamine was pretreated for 3 days with the 
dopamine-$-hydroxylase inhibitor disulfiram (Ist day 
2x 100 mg/kg i.p. separated by 12 h; 2nd and 3rd day 
100 mg/kg ip.). These cats were used 4h after the 
final dose on the third day and it was found that 
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Figure & Consclous cat; blood pressure and heart rate recordings. (a) Dopamine (45 ug i.c.v.) produced an 
Initial rise in blood pressure and heart rate which later subsided into a hypotension with slight bradycardia. (b) 
The dopamine response repeated 60 min after i.v. pimozide (1 mg/kg); the initial stimulant effect of dopamine 


is absent but there is still a projonged hypotensive response. 


resting blood pressures and heart rates were 
unchanged from control levels. Dopamine (45 ug 
i.c.v.) produced slightly increased initial pressor 
responses and tachycardias in these animals compared 
with control responses. However, the secondary falls 
in blood pressure and heart rate normally occurring in 
these animals were absent after disulfiram. a- 
Methyldopamine (30 ug i.c.v.) was tested in one of 
these animals and, like dopamine, was found to 
produce only cardiovascular stimulation. 


Comparison of the cardiovascular effects of dopamine 
and tsoprenaline by i.c.v. administration 


Since it appeared that f-adrenoceptors may be 
involved in the cardiovascular responses produced by 
Lc.v. dopamine, the cardiovascular effects produced 
by ic.v. administration of this substance were 
compared with those produced by isoprenaline in the 
10 cats used in the present study. In the 6 cats which 
responded to i.c.v. dopamine with simple cardio- 
vascular stimulation 4 responded to i.c.v. isoprenaline 
(30 pg) with pressor responses and tachycardia whilst 


in the other 2 there was a fall in blood pressure 
associated with tachycardia. Of the 4 cats which 
responded biphasically to i.c.v. dopamine, isoprenaline 
(301g icv.) produced pressor responses with 
associated tachycardia in two, hypotension with 
tachycardia in one and tachycardia without blood 
pressure change in the last animal. Pressor, depressor 
and heart rate changes induced by ic.v. isoprenaline 
were all abolished by (+)-propranolol (0.5 to 1 mg 
i.c.v.). 

Neither pimozide (1 mg/kg iv.) nor haloperidol 
(1 mg/kg i.v.) affected the cardiovascular changes 
induced by i.c.v. isoprenaline. 


Effect af dopamine administered into the cisterna 
magna (1.¢.m.) 


Two cats previously used for i.c.v. administration of 
dopamine were additionally cannulated to allow of 
drug infusion into the cisterna magna. One cat 
responded to ic.v. dopamine with a simple pressor 
response and tachycardia whilst the other responded 
biphasically. Infusion into the cisterna magna of 
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dopamine (30 and 45 ug) produced dose-related falls 
in blood pressure accompanied by bradycardia in each 
cat. 

However, a higher dose (75 ug) of dopamine by this 
route produced an initial pressor response and 
tachycardia followed by prolonged hypotension and 
bradycardia in each cat. This higher dose of dopamine 
usually induced vomiting by the i.c.m. route which it 
never did ic.v. The mean initial stimulant and 
subsequent depressor effects of the 75 ug i.cam. dose 
of dopamine are summarized in Table 3. Phentolamine 
(0.5 mg i.c.m.) did not affect resting blood pressure or 
heart rate, but it abolished the inhibitory effects of the 
lower dopamine doses and also the inhibitory 
component of the response to the highest dopamine 
dose without significantly affecting the pressor 
component of the response. In one experiment 
dopamine did not induce vomiting following 
phentolamine suggesting that the pressor effect of 
dopamine by this route is not secondary to the stress 
of vomiting. 

The initial pressor but not the secondary depressor 
effects of ic.m. dopamine (75 pg) were absent 1.5 h 
after i.c.m. administration of (+)-propranolol (0.5 mg) 
in each cat. Neither cat vomited in response to i.c.m. 
dopamine after (+)-propranolol treatment. 


Discussion 


The central administration of dopamine and its a- 
methyl analogue to several species has been reported 
to produce falls in arterial blood pressure with 
associated bradycardia (McCubbin et al., 1960; Baum 
& Shropshire, 1973; Heise & Kroneberg, 1973; Bloch 
et al., 1974; Finch et al., 1975). Heise & Kroneberg 
(1973), using anaesthetized cats reported that the 
hypotension in response to ic.v. a-methyldopamine 
was blocked by ic.v. phentolamine or yohimbine 
although that to i.c.v. dopamine was relatively 
unaffected by i.c.v. phentolamine. Finch et al. (1975) 
analysed the mechanism of hypotension produced by 
i.c:v. a-methyldopamine in conscious spontaneously 
hypertensive rats. They reported that the hypotension 
induced by i.c.v. a-methyldopamine was prevented by 
i.c.v. phentolamine or desmethylimipramine but not by 
systemic haloperidol. Inhibition of central dopamine 
f-hydroxylase abolished the depressor effect of ic.v. 
a-methyldopamine. These data suggest that in the rat 
1.c.v. a-methyldopamine produces hypotension by 
acting as a precursor for the formation of a- 
methylnoradrenaline which stimulates inhibitory a- 
adrenoceptors within the brain (van Zwieten, 1973). 
However, Finch et al. (1975) did not produce cor- 
roborative data for this hypothesis from their work in 
anaesthetized cats since, in their experiments, both 
noradrenaline and a-methylinoradrenaline by the ic.v. 


No. of 
cats 


secondary 
decrease 
{beats/min 


Heart rate 


+8.06.) Induced by 75 ug dopamine 


Diastolic 


Arterial blood pressure 
secondary decrease 
(mmHg) 

Systolic 


initial 
increase 
{beats/min} 


Heart rate 


Diastolic 


Systolic 
+20.1 +45.9 +18.8+6.1 +27.1+5.2 —24.84+45 —25.3 + 4.7 —31.7 +45.6 


Arterlal blood pressure 
initial increase {mmHg] 


No. of 
responses 
4 


Total 
dose 
{ug iem.) 
75 


Table3 Maximal initial Increases and secondary decreases In blood pressure and heart rate (mean 
Agonist 


Infused Into the cistema magna (i.c.m.) of two conscious cats 


Dopamine 
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route produced increases in blood pressure, results in 
direct conflict with previous reports in conscious cats 
(Day & Roach, 1973; 1974a). 

The mechanisms whereby the dopamine receptor 
stimulant apomorphine produces its cardiovascular 
responses are similarly confused. Barnett & Fiore 
(1971) reported that apomorphine lowered blood 
pressure in anaesthetized cats and that this effect was 
abolished by either spinal section or haloperidol 
treatment. These workers concluded that the 
hypotensive effect of apomorphine was due to 
stimulation of central dopamine receptors. However, 
Finch & Haeusler (1973) could not abolish the 
hypotensive effects of apomorphine in rats with 
haloperidol, spiroperidol or sulpiride, all substances 
reported to possess potent dopamine receptor blocking 
activity. Finch & Haeusler (1973) suggested that the 
hypotensive response to apomorphine in their 
experiments was due to increased efferent vagal 
activity and was not mediated through activation of 
central dopamine receptors. 

In the systemic cardiovascular system dopamine 
has been reported to stimulate a and B-adrenoceptors 
and dopamine receptors (Goldberg & Whitsett, 1971). 
Intracerebroventricular dopamine in the present 
experiments caused increases in blood pressure with 
associated tachycardia in each of the 10 cats used. 
These cardiovascular stimulant effects were 
apparently mediated via the peripheral sympathetic 
system since they were absent after either ganglion 
blockade or adrenergic neurone blockade. Moreover, 
the effects of i.c.v. dopamine were abolished by i.c.v. 
f-adrenoceptor blockers or by icv. dopamine 
antagonists. In 4 of the cats used, after the initial 
stimulant effects of i.c.v. dopamine had subsided they 
were replaced by a prolonged fall in both blood 
pressure and heart rate. These secondary depressor 
effects of i.c.v. 
phentolamine and by disulfiram. Disulfiram has been 
shown to be an effective inhibitor of central dopamine 
-hydroxylase (Musacchio, Goldstein, Anagnoste, 
Poch & Kopin, 1966). Thus it would appear that in 
these cats some of the i.c.v. dopamine was converted 
to noradrenaline which then produced typical 
centrally-mediated cardiovascular depressant effects 
(Day & Roach, 1974a). 

Haloperidol inhibited all the cardiovascular changes 
induced by i.c.v. dopamine whilst pimozide only 
inhibited the stimulant effects. These results are not 
unexpected considering the published data on these 
compounds. Thus, haloperidol is less specific than 
pimozide and blocks both noradrenaline and 
dopamine receptors in the central nervous systems of 
rats (Carlsson & Lindqvist, 1963), cats and dogs 
(Janssen, 1967), whilst pimozide has been reported to 
block only dopamine receptors in rats, cats and dogs 
(Janssen, 1967; Andén, Butcher, Corrodi, Fuxe & 
Ungerstedt, 1970). 

Bolme & Fuxe (1971) reported that in the cat, 


dopamine were abolished by - 


spiroperidol and pimozide caused hypotension and 
bradycardia which were potentiated by clonidine. They 
suggested that these effects might have been mediated 
via removal of excitatory central dopaminergic tone. 
They further postulated the existence in the brain of 
opposing dopaminergic and noradrenergic mechanisms 
influencing the peripheral cardiovascular system. 
Contrasting data were reported by Bloch et al. (1974) 
who found that clonidine and large doses of dopamine 
applied to the ventral surface of the cat brain stem 
induced hypotension. The effects of each compound 
were antagonized by pimozide whilst noradrenaline 
applied to this area caused pressor responses. In the 
present experiments i.c.v. haloperidol produced pro- 
nounced cardiovascular stimulant effects. It is not clear 
what the mechanism of this effect is; it could be due to 
initial dopamine receptor stimulant activity, or 
conversely, to inhibition of noradrenergic depressant 
pathways. It was found in the present experiments and 
in those reported previously (Day & Roach, 1974a) 
that i.c.v. phentolamine caused increases in heart rate 
and blood pressure. Pimozide which is a more specific 
dopamine receptor antagonist produced only slight and 
transient cardiovascular stimulation after ic.v. 
administration. The results obtained with two cats in 
which dopamine was administered into the cisterna 
magna suggested that its predominant effect at this site 
was to cause cardiovascular depressant effects, 
apparently mediated via formation of noradrenaline. 
Thus it would appear that the increase in blood pressure 
and heart rate produced by i.c.v. dopamine were caused 
by stimulation of supramedullary structures. 

Both dopamine and isoprenaline produce cardio- 
vascular stimulant effects after i.c.v. infusion in 
conscious cats (Day & Roach, 1974a). These effects 
of both drugs are abolished by f-adrenoceptor 
blocking agents and tempt the speculation that both 
are mediated via the same receptors. However, the 
evidence from the present experiments, although not 
inconsistent with this possibility, lends it little support. 
Thus, although there was considerable variation in the 
responses to isoprenaline and dopamine in different 
cats the response to each agent remained constant 
within individual cats and qualitative differences in the 
responses were regularly found. Isoprenaline produced 
a more marked rise in systolic than diastolic pressure 
whilst dopamine increased both equally. Furthermore 
the pressor responses to ic.v. isoprenaline were 
always accompanied by more marked tachycardias 
than were similar pressor responses to dopamine. 
These observations are not inconsistent with a similar 
action of dopamine and isoprenaline on blood pressure 
regulating centres with the possibility of a more 
marked effect of isoprenaline on centres controlling 
heart rate. The fact that pimozide selectively abolished 
dopamine responses suggests that the actual receptors 
mediating blood pressure responses to dopamine and 
isoprenaline are different but does not preclude the 
possibility that a common neural pathway, possibly 
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terminating in -adrenoceptors, is involved in both 
responses. : 

The published evidence concerning the function of 
brain noradrenaline in cardiovascular control suggests 
that its role is inhibitory to the sympathetic outflow 
(see reviews by van Zwieten, 1973; Day & Roach, 
1974b). The report of decreased noradrenaline 
synthesis and content of the brain stem and hypo- 
thalamus of spontaneously hypertensive rats (Yamori, 
Lovenberg & Sjoerdsma, 1970) supports this concept 
as does the finding of decreased turnover rate of 
noradrenaline in the brain stem of DOCA/saline 
hypertensive rats (Nakamura, Gerold & Thoenen, 
1971). 

Yamabe, de Jong & Lovenberg (1973) reported 
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EFFECT OF MORPHINE AND NALOXONE ON 
PRIMING-INDUCED AUDIOGENIC SEIZURES IN BALB/c MICE 
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1 Morphine (1—200 mg/kg, s.c.) reduced the incidence and prolonged the latency of priming-induced 


audiogenic seizures in a dose-dependent manner. 


2 This effect was reversed by naloxone (1 and 2 mg/kg) although naloxone was itself inactive. 
3 This priming-induced seizure model may be useful in the study of tolerance and physical 


dependence. 


Introduction 


Many drugs have been shown to suppress the 
incidence and severity of audiogenic seizures (that is, 
seizures induced by a loud sound), These seizures can 
be suppressed by centrally acting drugs such as tran- 
quillizers (Plotnikoff, 1960) and sedatives (Collins & 
Horlington, 1969). However, little has been done to 
investigate the effects of morphine and its antagonism 
by naloxone in this test. Morphine has been 
investigated by Collins & Horlington (1969) and 
Boggan (1973) and apomorphine has been shown to 
suppress audiogenic seizures (Anlezark & Meldrum, 
1975). 

Seizure-resistant strains of mice can be made 
reliably and consistently seizure-prone, by comparison 
with spontaneously seizure-prone mice, by priming 
procedures (SJL/J mice: Fuller & Collins, 1968; CF-1 
mice: Iturrian & Fink, 1968; BALB/c mice: Henry & 
Bowman, 1969; heterogeneous strain: Boggan, 
Freedman & Lovell, 1971; Gates & Chen, 1976) and 
thus the priming procedure (as described below) may 
facilitate pharmacological studies (Iturrian & Johnson, 
1970). 

The aim of this study was to test morphine and its 
antagonist naloxone using priming-induced audiogenic 
seizures. 


' Methods 


Twenty-one day old (+1day) BALB/c mice were 
primed by 25 s exposure to a bell of intensity 131 dB 
re 0.0002 dyn cm~? and tested for seizures 9 days 
(+1 day) later by re-exposure to the same acoustic 
stimulus for a maximum of 60s or until seizure 


occurred. The parameters for priming in this line of 
mice have been described elsewhere (Chen; 1973). The 
incidence of four stages of audiogenic seizures was 
recorded (wild running, clonic seizure, tonic seizure 
and death) as were the latencies of onset of the first 
two stages. 

Control injections and drugs were administered on 
a split litter basis. In the first experiment the effects of 
saline, naloxone and morphine were tested alone. 
Saline (0.9% w/v NaCl solution) or morphine was 
given 20 min before testing and 15 mice were used at 
each dose level (1, 2.5, 7.5, 25, 50, 100 and 
200 mg/kg) of morphine. Naloxone was given to 20 
mice at each of four doses (1, 5, 10 and 20 mg/kg), 
20 min before testing. In the second experiment the 
effect of the combination of morphine and naloxone 
given 20 min before testing was studied. Four doses of 


‘morphine (7.5, 50, 200, 400 mg/kg) were tested alone 


and in combination with 1 and 2 mg/kg of naloxone. 
Each group contained 20 mice. 


Drugs 


Morphine hydrochloride (McFarlane Smith) and 
naloxone hydrochloride (Bristol Laboratories) were 
used. All drugs were given subcutaneously in a volume 


of 0.1 ml per 10 g weight. 
Results 


As saline-injected mice showed no significant 
difference from those not injected, in each of the 
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morphine and naloxone experiments these groups 
were pooled to form control groups with which drug 
effects were compared. 

In the first experiment naloxone was found to be 
ineffective in altering the incidence of any audiogenic 
seizure component (Fisher Exact test, P>0.1 in each 
case, two tailed, Table 1) or in altering the latencies of 
wild running (Kruskal-Wallis, H(3)= 1.605, P>0.5) 
or of clonic seizure (Kruskal-Wallis, H(3)= 6.539, 
P> 0.05). However, morphine reduced the incidence 
of all seizure components and prolonged the latency 
of wild running (Kruskal-Wallis H(6) = 24.618, 
P<0.001) and clonic seizure (Kruskal-Wallis, 
H(6)= 27.484, P<0.001). The suppression by 
morphine was dose-dependent and the lowest dose 
which significantly reduced clonic seizures was 
1 mg/kg (Fisher Exact test, P<0.05, two tailed). The 
lowest dose which significantly reduced wild running, 
clonic and tonic seizures was 2.5 mg/kg (Fisher Exact 
test, P<0.005, two tailed) while all higher doses 
significantly reduced wild running and clonic seizures 
and completely inhibited the tonic seizure stage 
(Table 1). The initially low incidence of death (20%) 
was not significantly altered by morphine although 
doses of 7.5 mg/kg and above completely abolished it. 
However, it was impossible to abolish completely 
either wild running or clonic seizure, and the effect of 
morphine reached a maximum at 50 mg/kg, when 
these seizure stages were reduced from 100% to 
33.3% and 26.7% respectively. 

The results of the second experiment as shown in 
Figure 1 indicate the antagonistic effect of naloxone 


on the suppression of audiogenic seizures by 
morphine. At all doses of morphine, 2 mg/kg of 
naloxone produced a significant reversal of 
suppression of the first three stages of audiogenic 
seizures to a level not significantly different from that 
in mice treated with naloxone alone. 

Naloxone, at a dose of 1 mg/kg, significantly 
antagonized the suppressive effects of 7.5, 50 and 
400 mg/kg of morphine on wild running, clonic and 
tonic seizure (see Figure 1, Fisher Exact test, P< 0.05 
in each case). However, naloxone, at this dose, did not 
significantly antagonize the effect of 200 mg/kg of 
morphine. This result is difficult to interpret but may 
be related to the well known biphasic excitant- 
depressant action of morphine (Tatum, Seevers & 
Collins, 1929) and the ability of morphine to cause 
convulsions in some species at high doses (Hazelton & 
Koppanyi, 1941). Although the low incidence of death 
in these animals prevented the use of this factor in 
analysis, 1mg/kg of naloxone did produce a 
significant reversal of the protective action of 
7.5 mg/kg of morphine (Fisher Exact test, P< 0.01, 
two tailed). Similarly 2mg/kg of naloxone 
significantly reversed the effect of 50mg/kg of 
morphine on death (Fisher Exact test, P<0.05, two 
tailed). 

Analysis of the latencies of wild running and clonic 
seizures indicates that, irrespective of the presence of 
naloxone, morphine causes a dose-dependent 
significant increase in the latency of these parameters 
(Kruskal-Wallis, W.R., H(3)=24.496, P<0.001; 
clonic seizure, H(3)=26.176, P<0.001). Naloxone 





Table 1 Effect of naloxone and morphine on the Incidence of audiogenic seizures in BALB/c mice 
Treatment incidence of selzure component 

(doses in mg/kg) n W C 7 D 

Control 40 39 33 20 9 
Naloxone 

1 20 17 15 11 8 

5 20 17 13 10 8 

10 20 20 18 9 7 

20 20 19 13 7 5 

Control 40 40 40 28 8 
Morphine 

1 15 12 11* 8 5 

2.5 15 11* 11* 2% 1 

7.6 15 11? 8* O* 0 

25.0 15 6* 4* O* O 

50.0 15 5* 4* O* 0 

100.0 15 7* 6* 0* 0 

200.0 15 “BF 6* 0* 0 


W: wild running; C: clonic seizure; T: tonic seizure; D: death. 
Asterisks Indicate which groups, when compared with controls using a two-talled Fisher Exact test, were 


significantly different at the 5% probability level. 
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Figure 1 The effect of morphine, and its antagonism by naloxone, on the incidence of three phases of the 


audiogenic seizure response in BALB/c mice. Naloxone reduced the effect of morphine in a dose-dependent 
manner, 2 mg/kg returning the incidence of seizure to control levels. (@) Morphine; (A) morphine + 1 mg/kg 


naloxone; fM) morphine + 2 mg/kg naloxone. 


does not significantly antagonize the effects of 
morphine on latency of wild running and clonic 
seizure. However, the median latencies of wild running 
were 4.1, 3.85 and 3.6 s for the morphine, morphine 
plus naloxone 1 mg/kg, morphine plus naloxone 
2 mg/kg groups, respectively (Kruskal-Wallis, 
H(2)= 2.931, P> 0.2). There was a similar trend in the 
latency of clonic seizure, the medians being 8.5, 8.4 
and 7.25 s respectively (Kruskal-Wallis, H(2)= 2.474, 
P> 0.2). 


Discussion 


Our results show that morphine can suppress the 
incidence and severity of priming-induced audiogenic 
seizures in normally seizure-resistant BALB/c mice 
(Chen, 1973), Naloxone can reverse this suppression 
of seizures by morphine and thus suggests that 
morphine is acting via a specific receptor. 

The results presented here differ from the negative 
findings of Bentley (1961) who used rats, and Collins 


References 


ANLEZARK, G.M. & MELDRUM, B.S. (1975). Effects of 
apomorphine, ergocornine and piribedil on audiogenic 
seizures in DBA/2 mice. Br. J. Pharmac., 53, 419—421. 

BENTLEY, G.A. (1961). The susceptibility of rats to 


& Horlington (1969) who used a spontaneously 
susceptible strain of mice and measured only complete 
abolition of the wild running component. Similarly 
Boggan (1973) found that morphine did not suppress 
priming-induced seizures in C57 BL/6 mice. This 
discrepancy between C57 BL/6 mice used by Boggan 
and our results cannot be accounted for by dosage 
differences but may be due to strain differences as 
there is some evidence for different strain susceptibility 
to morphine (Gebhart & Mitchell, 1973; Oliverio & 
Castellano, 1974). 

This seizure test may provide a useful model for the 
study of tolerance and physical dependence 
development, particularly since it has been shown that 
alcohol (Freund & Walker, 1971) and barbiturate 
(Gates & Chen, 1974; Bentley, 1961) withdrawal can 
induce seizures in some resistant strains of mice and 
rats. 


We are indebted to Dr G.A. Bentley for his helpful criticism 
of the manuscript. This study was supported by an 
Australian Research Grants Committee grant to C-S,C. 


audiogenic seizures following acute and prolonged 
medication with narcotic drugs. Arch. int. 
Pharmacodyn., 132, 378-391. 

BOGGAN, W.O. (1973). Psychoactive compounds and 


620 = C-S. CHEN, G.R. GATES & J.A. REYNOLDSON 


audiogenic seizure susceptibility. Life Sci., 13, 151—159. 
BOGGAN, W.O., FREEDMAN, D. & LOVELL, R.A. (1971). 

Study in audiogenic seizure susceptibility. 

Psychopharmacologia, (Berl), 20, 48—56. 

CHEN, C-S. (1973). Sensitization for audiogenic seizures in 
two strains of mice and their F, hybrids. Devel. 
Psychobiol., 6, 131-138. 

COLLINS, A.J. & HORLINGTON, M. (1969). A sequential 
screening test based on the running component of 
audiogenic seizures in mice, including reference 
compound PD50 values. Br. J. Pharmac., 37, 140—150. 

FREUND, G. & WALKER, D.W. (1971). Sound-induced 
seizures during ethanol withdrawal in mice. 
Psychopharmacologia, (Berl), 22, 45—49. 

FULLER, J.L. & COLLINS, RL, (1968). Temporal 
parameters of sensitization for audiogenic seizures in 
SJL/J mice. Devel. Psychobiol., 1, 185—188. 

GATES, G.R. & CHEN, C-S. (1974), Effects of barbiturate 
withdrawal on audiogenic seizure susceptibility in 
BALB/c mice. Nature, Lond., 249, 162-164. 

GATES, G.R. & CHEN, C-S. (1976). Priming for audiogenic 
seizures in BALB/c mice as a function of stimulus 
exposure duration and age. Exp. Neurol., 51, 593—602. 

GEBHART, G.F. & MITCHELL, C.L. (1973). Strain 
differences in the analgesic response to morphine as 
measured on the hot plate. Arch. int. Pharmacodyn., 201, 
128—140. 

HAZELTON, L.W. & KOPPANYI, T. (1941). The effect of 


central stimulants in experimental morphine poisoning in 
rabbits. Anaesthesiology, 2, 421—442, 

HENRY, K.R. & BOWMAN, RE. (1970). Acoustic priming of 
audiogenic seizures in mice, In Physiological Effects af 
Noise. ed. Welch, B.L. & Welch, A.S. New York: 
Plenum Press. 

ITURRIAN, W.B. & FINK, G.B. (1968), Effects of age and 
condition-test interval (days) on an audioconditioned 
convulsive response in CF-1 mice. Devel. Psychobiol., 1, 
230—235. 

ITURRIAN, W.B. & JOHNSON, H.D. (1970). Audio- 
sensitization; a potential screening method for drugs 
affecting the CNS. J. Pharmac. Sci., 59, 1046—1047. 

OLIVERIO, A. & CASTELLANO, C. (1974). Genotype- 
dependent sensitivity and tolerance to morphine and 
heroin: Dissociation between opiate-induced running and 
analgesia in the mouse. Psychopharmacologia, (Berl), 
39, 13—22. 

PLOTNIKOFF, N. (1960). Ataractics and strain differences 
in audiogenic seizures in mice. Psychopharmacologia 
(Berl)., 1, 429-432. 

TATUM, A.L., SEEVERS, M.H. & COLLINS, K.H. (1929). 
Morphine addiction and its physiological interpretation 
based on experimental evidence. J. Pharmac. exp. Ther., 
36, 447-475. 


(Received March 9, 1976. 
Revised May 14, 1976.) 


Br. J. Pharmac. (1976), 58, 521—527 
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1 N-2-Chioroethyl-N-ethyl-2-bromobenzylamine hydrochloride (DSP 4) 50 mg/kg intraperitoneally, 
produced a long-term decrease in the capacity of brain homogenates to accumulate noradrenaline with 
significant effect 8 months after the injection. It had no effect on the noradrenaline uptake in 
homogenates from the striatum (dopamine neurones) and on the uptake of 5-hydroxytryptamine (5-HT) 
in various brain regions. 

2 In vitro DSP 4 inhibited the noradrenaline uptake in a cortical homogenate with an IC. value of 
2 uM but was more than ten times less active on the dopamine uptake in a striatal homogenate and the 5- 
HT uptake in a cortical homogenate. 

3 DSP 4 (50 mg/kg i.p.) inhibited the uptake of noradrenaline in the rat heart atrium in vitro but this 
action was terminated within 2 weeks. 

4 DSP 4 (50 mg/kg i.p.) caused a decrease in the dopamine-8-hydroxylase (DBH) activity in the rat 
brain and heart. The onset of this effect was slow; in heart a lag period of 2—4 days was noted. In brain 
the DBH-activity in cerebral cortex was much more decreased than that in hypothalamus which was 
only slightly affected. A significant effect was still found 8 months after the injection. The 
noradrenaline concentration in the brain was greatly decreased for at least two weeks, whereas 
noradrenaline in heart was only temporarily reduced. 

5 The long-term effects of DSP 4 on the noradrenaline accumulation, the DBH activity and 
noradrenaline concentration in the rat brain were antagonized by desipramine (10 mg/kg i.p.). 

6 It is suggested that DSP 4 primarily attacks the membranal noradrenaline uptake sites forming a 


covalent bond and that the nerve terminals, as a result of this binding, degenerate. 


Introduction 


In previous papers (Ross, Johansson, Lindborg & 
Dahlbom, 1973; Ross & Renyi, 1976) it was reported 
that the alkylating compound A-2-chloroethyl-N- 
ethyl-2-bromobenzylamine hydrochloride (DSP 4) has 
a very sustained inhibitory action on the uptake of 
noradrenaline in mouse brain slices. The action was 
specific to the noradrenergic neurones, since no effect 
was obtained on the uptake of dopamine or 5- 
hydroxytryptamine (5-HT). DSP 4 was also found to 
be an active inhibitor of the noradrenaline uptake in 
vitra. One possible explanation of the effect is that the 
compound is covalently bound to the uptake sites 
via the reactive aziridinium derivative. However, the 
long-term effect can also be due to damage of the 
noradrenergic neurones resulting in their degeneration. 
In the present study the action of DSP 4 on the 
noradrenergic neurones was examined by determining 
the long-term effects on the concentration of 
noradrenaline, the enzyme dopamine-{-hydroxylase 


(DBH) activity and the noradrenaline accumulation in 
rat brain and heart. If the long-term effect is due to 
degeneration of the neurones all activities located in 
the noradrenaline neurones should decrease 
simultaneously. 


Methods 


Male Sprague-Dawley rats weighing 150—180 g at the 
time of the injection of DSP 4 were used. The 
injections were given intraperitoneally and DSP 4 was 
dissolved in water immediately before use. 

Uptake of ([H]-(—)-noradrenaline, [*H]-dopamine 
and ['4C]-5-HT in homogenates of various regions of 
the brain was determined according to Snyder & 
Coyle (1969) modified to the double labelling 
technique (Ross & Renyi, 1975). The brains were 
homogenized in 0.25M sucrose (1:20 w/v) with 
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an all-glass Potter-Elvehjem homogenizer. The 
homogenates were not centrifuged before use when the 
in vivo activity of DSP4 was determined. The 
incubation was performed at 37°C in PVC centrifuge 
tubes for 5 min if not stated otherwise. The incubation 
mixture consisted of 100pl of the homogenate, 
0.2nmol ([*HJ-noradrenaline or ([?H]-dopamine, 
0.2nmol ['*C]-5-HT, llpmol glucose, 0.48 umol 
pargyline, 2.2 umol ascorbic acid and 0.26 pmol 
ethylenediaminetetra-acetic acid disodium salt 
(EDTA) in 1.8 ml of Krebs-Henseleit buffer, pH 7.4 
(modified according to Snyder & Coyle, 1969). 
Immediately after incubation the tubes were chilled on 
an ice bath and centrifuged at 20,000 ¢ for 20 min at 
0°C. The pellets and the tubes were washed thrice 
with 5 ml of cold 0.9% w/v NaCl-solution (saline). The 
pellet was dissolved in 1.0m! of Soluene-350 
(Packard) at room temperature; 10 ml of the scintilla- 
tion liquid (Permablend III, Packard) was added and 
the radioactivity was measured in two separate 
channels in a liquid scintillation spectrometer as 
described previously (Ross, Renyi & Ogren, 1972). 

Dopamine-f-hydroxylase activity in brain 
homogenates was determined according to Coyle & 
Axelrod (1972) and that in heart homogenates 
according to Molinoff, Weinshilboum & Axelrod 
(1971) with the modification that the pH of the DBH 
assay was 5.5. Tyramine, 1 mM, was used as the 
substrate. The optimal CuSO, concentration was 
determined for each tissue and brain region. 

Noradrenaline and dopamine in the rat brain were 
analyzed according to Chang (1964). 5-HT was 
determined according to Bogdanski, Pletscher, Brodie 
& Udenfriend (1956). 


Drugs 


DSP 4 was synthesized by Dr Richard Dahlbom and 
collaborators, University of Uppsala, Sweden. 


Table 1 


Desipramine was a gift of Geigy AG and pargyline 
of Abbott Lab. Inc. (—)-Noradrenaline-[7-*H-(N)] 
(3.8 Ci/mmol), dopamine-[7H(G) (2.0 Ci/mmol) and 
S-adenosy]-L-methionine-[}4C-CH,] (52 mCi/mmol) 
were purchased from NEN Chemicals GmbH, 
Frankfurt/Main, Germany and 5-hydroxytryptamine 
[2-side chain-'4C] creatinine sulphate (54 mCi/mmol) 
from The Radiochemical Centre, Amersham. 


Results 
Inhibition of noradrenaline uptake 


The accumulation of [*H]{—)}noradrenaline in the 
synaptosomes of the homogenates of various regions 
of the brain was greatly decreased for a long time by a 
single intraperitoneal injection of DSP 4 50 mg/kg 
(Table 1); an exception was the uptake of 
noradrenaline by homogenates of the striatum which 
was not inhibited by DSP 4. This region is rich in 
dopaminergic neurones and the conclusion is that 
DSP 4 does not inhibit the uptake neurones in these 
neurones. The uptake of 5-HT was also unaffected by 
DSP 4 (Table 1). The small inhibition of the 5-HT 
uptake in the hypothalamus may be due to uptake of 
5-HT into noradrenergic neurones. The selectivity of 
DSP 4 on noradrenaline uptake is in accordance with 
its in vitro activity. The IC, value for the inhibition of 
the noradrenaline uptake in homogenates of cerebral 
cortex was 2 uM whereas the corresponding value for 
the inhibition of the 5-HT uptake in the same 
homogenate was >30uM (20% inhibition at this 
concentration). The dopamine uptake in a striatal 
homogenate was also only partially inhibited 
(IC. >30 uM, actually 40% inhibition at this con- 
centration). Thus the affinity of DSP4 for the 
noradrenaline uptake sites was more than ten times 
higher than for the 5-HT and dopamine uptake sites. 


Effect of DSP 4 (60 mg/kg i.p.) on the accumulation of [?H]-(—)-noradrenaline (PH]-NA) and ['4C}-5- 


hydroxytryptamine ((14C]-5-HT} In homogenates of various regions of the rat braln one week after the injection 


Amine uptake as % in controls ® 


Brain region PH]-(—)NA 
Frontal cerebral cortex > 40+5* 
Hypothalamus € 50+6* 
Strlatum 4 10042 


Each value is the mean +t 83.8. mean for 5 rats. 


['4C]-6-HT 


102+3 
87+3 
98+ 6 


a Brain tlssue was homogenized In 20 vol of 0.25 m sucrose. The incubation mixture consisted of 100 ul of the 
homogenate, 0.2 nmol [®H]-(—)NA, 0.2 nmol ['*C]-5-HT in a final volume of 2.0 ml of Krebs buffer, pH 7.4. The 
incubation time was 10 min at 37°C. } Control uptake (nmol/g tissue (wet weight) in 10 min): PH]-NA: 
0.34 + 0.01; ['4C]-5-HT: 0.68 + 0.05. °Control uptake: PH]-NA: 0.48 + 0.04; ['4C]-5-HT 0.68 +0.05. d Control 


uptake: [2H]-NA: 4.80 + 0.22; ['*C]-5-HT: 1.98 + 0.04. 


*P<0.01 (Student's t-test). 
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The dose-response of the inhibition of the 
noradrenaline in homogenates of frontal cerebral 
cortex one week after the intraperitoneal injection of 
DSP 4 gave an ED,, value of approximately 20 mg/kg 
(Table 2). 

In order to examine whether DSP 4 acutely 
inhibited the membranal uptake of noradrenaline, rats 
were treated with reserpine (5 mg/kg ip.) one day 
before DSP 4, 50 mg/kg i.p., and the animals were 
killed 2 h after the injection of DSP 4. Although the 
uptake of the noradrenaline in the homogenates from 
the reserpine-treated rats was significantly lower than 
that in the control animals, DSP4 caused an 
additional decrease, demonstrating that it did not act 
on the same sites as reserpine (Table 3). Further 
support for the hypothesis that DSP 4 acts primarily 
on the membranal transfer sites was obtained in 
experiments in which rats were pre-treated with 
desipramine (10 mg/kg ip.) 15 min before the 


injection of DSP 4. As shown in Table4 this pre- 
treatment antagonized the long-term effect of DSP 4 
(50 mg/kg i.p.). 

The noradrenaline accumulation in homogenates of 
frontal cerebral cortex and hypothalamus was 
compared at various times after the injection of DSP 4 
(Figure 1). There was no significant difference in the 
inhibition in these two regions during the first weeks 
after the injection. However, the uptake of 
noradrenaline in the cerebral cortex was severely 
impaired at 14 weeks (59% inhibition, P< 0.01) and at 
8 months (31%, P<0.05) after a single injection of 
DSP 4 (50 mg/kg i.p.) but the noradrenaline uptake in 
hypothalamus was not reduced 14 weeks after the 
injection although there was still a significant 
inhibition (29%, P < 0.05) after 8 weeks. 

The very long inhibitory effect of DSP 4 contrasted 
with its considerably shorter action on the uptake in 
the rat heart (Figure 1). The inhibition of the uptake of 


Table 2 Dose-response of the long-term effect of DSP 4 on the uptake of [*H]-noradrenaline and dopamine- 
B-hydroxylase (DBH) activity in homogenate of the frontal cerebral cortex and the noradrenaline concentration 


in the whole rat brain 


PH]-Noradrenaline Noradrenaline 
uptake” DBH activity? concentration© 
Dose {% of control) {% of control) {% of control) 
12.5 76+8* 96+11 9545 
26 40+10** 88+15 58+3** 
50 29+ 10** 8+1** 3043" 


The rats were killed one week after the injection of DSP 4 (50 mg/kg i.p.). Each value is the mean+s.e. mean 


from 5 rats. 
*P<0.06; **P< 0.001. 


a Control uptake: 0.24 +0.01 nmol/g In & min; P Control activity: 171 +10 nmol g~ g/h-’; € Control con- 


centration: 0.476 + 0.024 ug/g. 


Table 3 Effect of reserpine on the Inhibitory effect of DSP 4 on the noradrenaline uptake by cerebral cortical 


homogenate of the rat brain 





PH]-Noradrenaline uptake 


(nmol/g in 5 min) % Inhibition p* 

1. Control 0.29 + 0.02 

2. DSP 4 0.11 +0.04 62 <0.01 
(1—2) 

3. Reserpine 0.17 +0.01 <0.001 
(1~3) 

4. Reserpine+ DSP 4 0.09 + 0.01 47 <0.01 
(3—4) 


Reserpine (5 mg/kg l.p.) was injected 16 h before DSP 4 (50 mg/kg l.p.). The rats were killed 2 h after DSP 4. 
Frontal cortex was homogenized in 20 vol of 0.25 M sucrose and 100 pl of the homogenate was taken for the 
assay. The Incubation time was 5 minutes. The concentration of [?H]-(—)-noradrenaline was 0.1 uM. Each value 
Is the mean + s.e. mean for 5 rats. 

* Student's t-test. 
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Figure 1 Effects of DSP 4 (50 mg/kg l.p.) on (a) accumulation of [SH]-noradrenaline (NA) In homogenates of 
frontal cerebral cortex (O), hypothalamus {O} and in heart atrium (a) and (b) dopamine-f-hydroxylase (DBH) 
activity In homogenates of frontal cerebral cortex (O) and hypothalamus (O) of the rat at various time after the 
injection. Each value is the mean +s.e. mean (vertical lines) for at least 5 rats and is expressed as a percentage 
of the control values, which were: PH]-NA uptake In cerebral cortex 0.28 + 0.02 (n=28) nmol/g in 5 min; in 
hypothalamus: 0.38 +0.02 (n=24) nmol/g In 5 min; In atrium (cocalne-sensitive part): 0.181+0.010 
(n=18) nmol/g In 10 minutes. DBH activity In cerebral cortex (0.14 mM CuSO,): 12844 (n=8) nmol 
octopamine g~ h-'and in hypothalamus (0.11 mm CuSO,): 340+ 15 (n=6) nmol g-* h~. 


Table 4 Antagonistic effect of desipramine (10 mg/kg i.p.) on the long-term action of DSP 4 (50 mg/kg i.p.) 
on the accumulation of [?H]-noradrenaline (NA) in homogenates of fronta! cerebral cortex, on the dopamine-f- 
hydroxylase (DBH) activity In the rat brain and heart and the noradrenaline concentration in the whole rat brain 


DBH activity Noredrenaline 
PH]-NA uptake *® (% of control) In brain€ 
Treatment (% of control) Brain? Heart® (% of control) 
DSP 4 29+10 42+5 7445 49+7 
(n=6) (n=7) (n= 6) (n= 5) 
Desipramine 68+11* 1024 7** 95+ 6* T77" 
+ 
DSP 4 (n=5) in=8) (n=6) (n==5) 


DesipramIne was Injected 15 min before DSP 4. The rats were killed one week later. Each value Is the 
mean + 8.6. mean expressed as a percentage of the control values. The number of animals are given in brackets. 
* Control uptake: 0.44 +0.03 nmol/g In 10 min; , Control activity: 160+ 7 nmol octopamine formed g`?’ h-t; 
© Control activity: 202 + 10 nmol octopamine formed g~' h-'; ¢Control level: 0.426 + 0.025 ug/g. 

*P<0.05; **P<0.001 (Student's t-test). 
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Figure 2 Effects of DSP 4 (50 mg/kg i.p.) on the 
noradrenaline concentrations (squares) and the 
dopamine-f-hydroxylase (DBH) activity (circles) In 
whole brain (open symbolis} and heart {solid symbols) 
of the rat at various time after Injection. Each value is 
the mean+s.e. mean (vertical lines) for 6 rats and is 
expressed as a percentage of the control values, 
which were: noradrenaline concentration in braln: 
0.392 +0.031 ug/g; in heart: 0.716+0.045 ug/g. 
DBH activity In brain: 145 +4 nmol g~’ h-t and in 
heart 185 +11 nmol g-'h-". 





1 


noradrenaline in the rat atrium in vitro lasted only 
between one and two weeks after the injection of 
DSP 4. 


Dopamine-B-hydroxylase 


The DBH activity of brain homogenates was 
decreased by DSP 4 but in contrast to the mhibition of 
the noradrenaline uptake there was a slow onset of the 
decrease in DBH (Figure 2). In the heart there was a 
lag period of a few days before the DBH activity 
started to decrease, which then followed at the same 
rate as that in the brain. The DBH activity in heart did 
not decrease as much as in brain and recovered much 
earlier. DSP 4 added to brain homogenate did not 
inhibit the DBH activity at the concentration 3 uM. 
The DBH activities in frontal cerebral cortex and 
hypothalamus were compared at various times after 
the injection of DSP 4 (Figure 1). The enzyme activity 
in the cortex was almost completely abolished after 
one week and stayed low for a long time. Thus, it 


was significantly (P<0.05) lowered 8 months after 
the intraperitoneal injection of 50 mg/kg DSP 4 
(control: 228+ 16 nmol g7! h~t; n=5; DSP 4: 
131 +28 nmol g`! h^t; n= 5). The DBH activity in the 
hypothalamus was, on the other hand, much less 
affected. The lack of effect of DSP 4, 1 and 4h after 
the injection, on the DBH activity indicates that 
DSP 4 in itself did not inhibit the enzyme. The dose- 
response curve (Table 2) showed that doses of DSP 4 
lower than 50 mg/kg did not produce any long-term 
decrease in the DBH activity in cerebral cortex. 

Since it has been shown that the DBH activity is 
regulated by a feed-back mechanism via the 
postsynaptic receptors (Molinoff, Brimijoin, 
Weinshilboum & Axelrod, 1970) it was of interest to 
examine whether inhibition of the membranal re- 
uptake of noradrenaline for a period of one week 
produced any effect on the brain DBH activity. Rats 
were therefore daily injected with desipramine 
(20 mg/kg i.p.) for one week and the DBH activity in 
the whole brain was determined on the eighth day. No 
difference between the treated and the control animals 
was obtained (DBH activity 134+2 and 138+ 
3 nmol g~! h-}, respectively). 

Although the inhibition of the adrenaline uptake did 
not per se cause the fall in DBH activity it is possible 
that the binding of DSP 4 to the neuronal membrane 
produced such damage that a degenerative process 
was started. This hypothesis is supported by the 
observation that desipramine (10 mg/kg i.p.), which 
antagonized the inhibition of the noradrenaline uptake, 
completely prevented the decrease in brain and heart 
DBH activity (Table 4). 


Noradrenaline in brain and heart 


The noradrenaline concentration in the whole rat brain 
was decreased by DSP 4 (50 mg/kg ip.) in a biphasic 
way (Figure 2). After an initial fall of approximately 
30% a second fall in the noradrenaline concentration 
occurred one to 4 days after the injection whereafter it 
stayed approximately constant at 40% of the control 
level for at least two weeks. Desipramine (10 mg/kg 
i.p.) significantly antagonized the long-term decrease 
in noradrenaline produced by DSP 4 (Table 4). 

A dose-response study performed one week after 
the injection of DSP 4 showed that 12.5 mg/kg was 
without any effect whereas 25 mg/kg had about half 
of the effect of 50 mg/kg on the brain noradrenaline 
(Table 2). Determination of noradrenaline in the 
cerebral cortex and hypothalamus one week after 
50 mg/kg of DSP 4 showed that a marked decrease 
had occurred in both regions (Table 5). 

The noradrenaline in the heart was differently 
affected compared with that in the brain (Figure 2) in 
that it rapidly decreased during the first two days but 
had recovered almost to normal after 4 days. 
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Table 5 Effect of DSP 4 (60 mg/kg l.p.) on the noradrenaline concentration in cerebral cortex and 


hypothalamus one week after the injection 


Noradrenaline (ug/g) 
Control DSP 4 % of control 
Cerebral cortex 0.133 + 0.004 0.046 + 0.006** 35 
in=8) (n=6) 
Hypothalamus 0.608 + 0.071 0.272 + 0.049* 45 
(n= 6) (n=5) 


Each value is the mean + s.e. mean of the number rats given In the brackets. 


*P< 0.01; *P<0.001 (Student's t-test). 


Dopamine and 5-hydroxytryptamine in brain 


Dopamine in whole rat brain was not changed by 
DSP 4 (50 mg/kg i.p.) when examined at various times 
during the first week after the injection (Table 6). On 
the other hand the 5-HT concentration was 
significantly reduced by about 25% when determined 
one week after the injection (Table 6). 


Discussion 


The long-term effect of DSP 4 on the accumulation of 
noradrenaline in synaptosomes of homogenates of the 
rat brain is in accordance with the previous 
observation of a sustained decrease in the uptake of 
noradrenaline in mouse brain slices (Ross et al., 1973; 
Ross & Renyi, 1976). Since this effect was selective, 
rapid in onset, antagonized by desipramine and was 
independent of a functional intraneuronal storage 
mechanism, i.e. not sensitive to reserpine, it is likely 
that the primary action of DSP 4 is a selective 
inhibition of the membranal noradrenaline carrier 


Table 6 Effect of DSP 4 (50 mg/kg l.p.) on the 
dopamine and 5-hydroxytryptamine (5-HT) con- 
centrations In the whole rat brain. 


Time after 
injection Dopamine ® 5-HT P 
{days} {% of control} 
1 10644 88 +4" 
2 — 84 + 5* 
4 97 +3 78+5* 
7 1154411 77+6* 


Each value Is the mean + s.e. mean from at least 5 


rats. 

*P<0.065 (Student's t-test). 

a Controi value: 0.543 +0.038 ug/gin=5); > control 
value: 0.734 + 0.021 ug/g (n= 10). 


sites. DSP 4 is an alkylating compound and may 
accordingly be covalently bound to these sites. The 
considerably shorter effect of DSP4 on the 
noradrenaline uptake in heart atrium indicates a 
difference in the stability of this binding. The reaction 
sequence of the hypothelial binding may be as follows: 
DSP 4 having selective affinity for the noradrenaline 
transfer sites is bound by electrostatic attraction to the 
uptake sites and is there transformed to the 
aziridinium derivative, which reacts covalently with an 
anionic component of the site, the latter probably 
being identical with that group attracting the cationic 
amino group of noradrenaline. The stability of this 
covalent bond is dependent on the nature of this 
group, which can be a carboxylate, phosphate or 
sulphhydry! group. The difference in the sensitivity for 
DSP 4 between central and peripheral noradrenergic 
nerve terminals may be due to different stabilities of this 
bond. DSP4 is rather rapidly cyclized to the 
aziridinium derivative under in vitro conditions 
(T}=7min at pH 7.4 (Ross et al, 1973)), which 
means that the cyclization terminates within a rather 
short time after the injection. 

The decrease in DBH activity in the rat brain and 
heart indicates another effect of DSP 4. Since this 
effect had a much slower onset than the decrease in 
uptake and was antagonized by desipramine it seems 
to be secondary to the uptake inhibition. The 
observation that higher doses of DSP 4 had to be 
given in order to affect DBH activity than are needed 
to affect noradrenaline uptake also supports this 
hypothesis. The finding that DBH in cerebral cortex 
was much more sensitive to DSP 4 than was that in 
the hypothalamus is interesting, since it indicates that 
the noradrenergic nerve terminals in the cortex are 
much more sensitive to this effect of DSP 4 than are 
the noradrenergic axons and cell bodies in the 
hypothalamus. This regional difference was also 
observed for the long-term inhibitory effect of DSP 4 
on the noradrenaline uptake but because of the 
sustained inhibition of the uptake mechanism this 
difference could not be demonstrated until after two 
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months. These results suggest that a degenerative 
process is taking place in the nerve terminals. Such 
degeneration will of course also affect other 
constituents of the noradrenergic nerves, e.g. 
noradrenaline itself. 

The finding of a long-term decrease in the 
noradrenaline content of the rat brain after DSP 4 
gives further support to the suggestion that a 
degeneration of noradrenergic nerve terminals takes 
place. However, the effect on noradrenaline differed 
from that on DBH in that the hypothalamus was 
affected almost as much as the cerebral cortex. One 
possible explanation of this discrepancy may be that 
whole cerebral cortex was used for the determination 
of noradrenaline whereas about 40 mg of the frontal 
cerebral cortex was used for the assay of DBH 
activity. The significant antagonism by desipramine of 
the reduction in the noradrenaline concentration is in 
accordance with the hypothesis that the long-term 
decrease in noradrenaline is a secondary phenomenon 
and that the primary attack is in alkylation of the 
membranal uptake sites. 

Since the 25% fall in the 5-HT concentration 


References 


BOGDANSKI, D.F., PLETSCHER, A., BRODIE, B.B. & 
UDENFRIEND, S. (1956). Identification and assay of 
serotonin in brain. J. Pharm. exp. Ther., 117, 82—88. 

CHANG, C.C. (1964). A sensitive method for spectrophoto- 
fluorometric assay of catecholamines. J/nt. J. 
Neuropharmac., 3, 643-649. 

COYLE, J.T. & AXELROD, J. (1972). Dopamine-f- 
hydroxylase in the rat brain: developmental 
characteristics. J. Neurochem., 19, 449—459. 

MOLINOFF, P.B., BRIMIJOIN, S, WEINSHILBOUM, R. & 
AXELROD, J. (1970). Neurally mediated increase in 
dopamine-f-hydroxylase activity. Proc. Nat. Acad. Sel., 
USA, 66, 453—458. 

MOLINOFF, P.B.. WEINSHILBOUM, R. & AXELROD, J. 
(1971). A sensitive enzymatic assay for dopamine-f- 
hydroxylase. J. Pharmac. exp. Ther., 178, 425—431. 

ROSS, S.B., JOHANSSON, J.G., LINDBORG, B. & 
DAHLBOM, R. (1973). Cyclizing compounds. I. Tertiary 
N-(2-bromobenzyl}N-haloalkylamine with adrenergic 
blocking action. Acta pharmaceutica Suecica, 10, 
29—42. 


induced by DSP 4 in the whole rat brain did not 
correspond to a similar decrease in the 5-HT uptake 
this effect of DSP 4 does not appear to be due to a 
degeneration of 5-HT neurones. The origin of this 
effect has to be examined in further experiments. 

Because of its long-term selective degeneration of 
the noradrenergic nerve terminals DSP 4 may become 
a valuable tool in studies of the functional actions of 
noradrenline in the brain. Compared with 6-hydroxy- 
dopamine, the compound now used for this purpose, 
DSP 4 has the advantage of readily passing the blood- 
brain barrier and can accordingly be injected 
parenterally. Furthermore, it seems to be more 
selective than 6-hydroxydopamine, which also affects 
dopamine neurones (Ungerstedt, 1968). However, 
before DSP 4 can be used as a pharmacological tool 
its action on central and peripheral monoaminergic 
receptor mechanisms has to be evaluated. Such studies 
are now being performed. 


I thank Mrs Öie Frödén and Miss Diana Kelder for skilful 
technical assistance and Professor Richard Dahlbom and Dr 
Björn Lindborg for the synthesis of DSP 4. 


ROSS, S.B. & RENYI, A.L. (1975). Tricyclic antidepressant 
agents. I. Comparison of the inhibition of the uptake of 
3H-noradrenaline and 1*C-5-hydroxytryptamine in slices 
and crude synaptosome brain. Acta pharmac. tox., 36, 
382—394. 

ROSS, S.B. & RENYI, A.L. (1976). On the long-lasting 
inhibitory effect on N2-chloroethyl}N-ethyl-2-bromo- 
benzylamine (DSP 4) on the active uptake of adrenaline. 
J. Pharm. Pharmac., 28, 458—459. 

ROSS, S.B., RENYI, A.L. & ÖGREN, S.-O. (1972). Inhibition 
of the uptake of noradrenaline and 5-hydroxytryptamine 
by chlorphentermine and chlorimipramine. Eur. J. 
Pharmac., 17, 107—112. 

SNYDER, S.H. & COYLE, J.T. (1969). Regional difference in 
3H-norepinephrine and *H-dopamine uptake into rat 
brain homogenates. J. Pharmac. exp. Ther., 165, 78—86. 

UNGERSTEDT, U. (1968). 6-Hydroxydopamine induced 
degeneration of central monoamine neurones. Eur. J. 
Pharmac., 5, 107-110. 


(Received March 15, 1976.) 


Br. J. Pharmac. (1976), 58, 529—531 


INHIBITION BY AMILORIDE OF 


SODIUM-DEPENDENT FLUID REABSORPTION 
IN THE RAT ISOLATED CAUDAL EPIDIDYMIS 
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1 The rate of fluid reabsorption was studied in the rat isolated caudal epididymal sac in vitro. 


2 Part of the fluid reabsorption was found to be dependent on intraluminal Nat. Amiloride (0.1 mM) 
completely inhibited this component of fluid reabsorption. 


3 The log dose-inhibition curve to amiloride was sigmoid and the IC, value was found to be 1.6 uM. 


Introduction 


Amiloride is a potent inhibitor of passive Nat 
transport in many tissues (see Cuthbert, 1974). For 
example, in mammalian tissues, it inhibits passive 
sodium transfer in the distal tubule of the rat kidney 
(Guignard & Peters, 1970) and in the salivary duct of 
rat (Schneyer, 1970). In this paper we report an 
inhibitory effect of amiloride on the Nat-dependent 
fluid reabsorption in the rat caudal epididymis. 


Methods 


Fluid reabsorption was studied in the isolated caudal 
epididymis of rats in vitro. Male rats weighing 
between 200—300 g were killed by a blow on the head. 
The epididymis was quickly removed and placed in 
cold Krebs bicarbonate solution. A segment of the 
caudal epididymis (about 1 cm long) was dissected 
free of fat and connective tissue and placed on a 
specially designed platform similar to the one used for 
measuring secretory rate in isolated seminiferous 
tubules (Cheung, Hwang & Wong, 1976). Each end 
was clamped on to the platform, and an incision made 
in each end of the segment close to the clamps. The 
lumen was then flushed with Krebs bicarbonate 
solution to remove all the spermatozoa. One end of the 
segment was closed with a silk ligature, and the tubule 
filled with about 0.25 yl Krebs bicarbonate solution by 
means of polyethylene cannula with tip diameter of 
about 80 jim, after which the other end of the segment 
was also closed. The whole operation was performed 
under a dissecting microscope (16 x magnification). 
The small sac of epididymis (about 2mm long), 
supported on the platform, was then placed in a small 
bath (volume 2m) filled with normal Krebs 
bicarbonate solution which was bubbled continuously 


with 5% CO, in O, The bathing solution was 
maintained at 35°C, the temperature being monitored 
by a thermistor probe. 

To estimate the rate of fluid reabsorption, the bath 
was placed under a microscope (Olympus, 
40 x magnification). The internal diameter of the 
lumen was measured at intervals of 0.4 mm along the 
length of the sac, using an eyepiece micrometer. The 
mean luminal diameter of the epididymis was obtained 
and by knowing the length of the sac, the luminal 
volume was calculated. Readings of the diameters 
were taken at 10 min intervals. A reduction in the 
luminal volume indicated a net reabsorption of fluid in 
the duct. The rate of fluid reabsorption was expressed 
in ul of fluid reabsorbed per cm? of the tubule per 30 
minutes. The reabsorptive area was calculated from 
the mean radius of the tubule and its length (2srrl). The 
peritubular and intraluminal fluids were always iso- 
osmotic. 

The Krebs bicarbonate solution used had the 
following composition: (mM) NaCl 118, KCl 4.7, 
CaCl, 2.56, MgSO, 1.13, NaH,PO, 1.17, NaHCO, 
25 and glucose 11.1. When gassed with 5% CO, in 
O,, it had a pH of 7.4. When sodium-free solution was 
used the NaC! was substituted by an equivalent 
amount of choline chloride and the NaHCO, by 
KHCO, (5.9 mM). In this instance the solution was 
bubbled with pure O, to obtain a pH of 7.4. The 
amiloride was added to the intraluminal fluid only. 


Results 
The rate of fluid reabsorption under various conditions 


is shown in Figure la. The basal rate was found to be 
2.63+0,.22 ul cm~? 30 min`? (mean+s.e., n=11). 
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Figure 1(a) Rate of fluld reabsorption by rat 


isolated caudal epididymal sac /n vitro. Each column 
represents the meants.e. The number of 
experiments Is shown in parentheses. (b) Log con- 
centration—-% Inhibition curve for amiloride on fluid 
reabsorption in the Isolated caudal epididymal sac. 
Each point shows the mean+s.e. with the number of 
observations shown in parentheses. 


When the lumen was filled with sodium-free solution, 
the rate of fluid reabsorption was reduced to 
1.35 +0.22 pl cm~? 30 min`! mean + s.e., n= 6). These 
values are significantly different (P < 0.001) (Student’s 
t test). When amiloride (0.1 mM) was added to the 
intraluminal fluid, the rate of fluid reabsorption was 
1.56+0.13u] cm~? 30min“! (mean s.e, n=6). 
This value is not significantly different from that 
obtained when the lumen contained Nat-free solution. 
However, the addition of amiloride (0.1 mM) to the 
sodium-free solution had no effect on the rate of fluid 
reabsorption, the value being 1.42 + 0.14 (mean + s.e., 
n=6). These results suggest that part of the fluid 
reabsorption in the isolated caudal epididymis is 
dependent on the presence of sodium ions in the 
luminal fluid; and that this component of fluid 
reabsorption can be blocked completely by amiloride. 
However, the component of fluid reabsorption that 
was independent of the presence of sodium ions 
appeared to be unaffected by amiloride. 

The dose-response curve for the inhibition of 
epididymal fluid reabsorption by amiloride is shown in 
Figure 1b. The curve is sigmoid and the concentration 
of amiloride giving 50% inhibition was found to be 
1.6 uM. Maximal inhibition was produced by 0.1 mM. 


Discussion 


It is known that the composition of the fluid which 
surrounds the spermatozoa in the epididymis changes 


along the length of the duct and that consequently, the 
milieu, surrounding the spermatozoa in the caudal 
epididymis is considerably different from that in the 
testis. This ‘milieu’ is intimately concerned with the 
development of the spermatozoa after they leave the 
testis. As the spermatozoa pass down the epididymis 
they encounter a decreasing Nat/K+ ratio as well as 
decreasing Nat and K+ concentrations (Mann, 1974). 
In the rabbit, the caudal epididymal fluid contains very 
low concentrations of sodium and chloride, but these 
concentrations increase after castration (Jones & 
Glover, 1975). This effect can be reversed by 
treatment with a testosterone implant. Levine & 
Marsh (1971) have measured the transluminal 
potential in different parts of the rat epididymis in 
vivo; they found that, in the caudal region, the 
potential was 25 mV with the inside negative with 
respect to the outside. This potential difference might 
be caused by an active transport of sodium from the 
lumen into the peritubular fluid. As the spermatozoa 
passed down the epididymis, the spermatocrit 
increased reflecting a reabsorption of fluid from the 
lumen of the duct. 

In our experiments on the isolated caudal 
epididymis, we have found that when the intraluminal 
and peritubular fluids are initially of identical 
composition, a net reabsorption of fluid occurs, as 
shown by a decrease in intraluminal volume. The rate 
of reabsorption is temperature-dependent and is 
inhibited by 2, 4 dinitrophenol suggesting that the 
reabsorption is an energy-dependent process 
(unpublished). The present results show that part of 
this fluid reabsorption is dependent on intraluminal 
sodium, as complete removal of intraluminal Nat 
caused a 48.7% reduction in fluid reabsorption. It is 
possible that this part of fluid reabsorption is 
secondary to an active transport of sodium from the 
intraluminal to the peritubular fluid. The mechanism 
for sodium transport may involve a passive diffusion 
of Nat ions across the luminal membrane and an 
active extrusion step across the peritubular membrane. 
The addition of amiloride to the intraluminal fluid 
caused a decrease in Na+-dependent fluid reabsorption; 
this is consistent with an inhibition by amiloride of the 
passive Nat entry step at the luminal membrane. The 
IC, for amiloride on fluid reabsorption in the caudal 
epididymis was found to be 1.6 uM. This value is 
comparable to that causing 50% inhibition of passive 
Nat transport in the distal tubule of the kidney. 
(Guignard & Peters, 1970.) 


The authors are grateful to Merck Sharp and Dohme for the 
supply of amiloride and to Dr A.W. Cuthbert for reading the 
manuscript. This work was supported by W.H.O. grant to 
P.Y.D.W. 
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EFFECT OF AMINOPHYLLINE ON 


TRYPTOPHAN AND OTHER AROMATIC AMINO 
ACIDS IN PLASMA, BRAIN AND OTHER TISSUES 
AND ON BRAIN 5-HYDROXYTRYPTAMINE METABOLISM 


G. CURZON & J.C.R. FERNANDO 


Department of Neurochemistry, Institute of Neurology, Queen Square, London WC1N 3BG 


1 Aminophylline and other methylxanthines increase brain tryptophan and hence 5- 
hydroxytryptamine turnover. The mechanism of this effect of aminophylline was investigated. 


2 At lower doses (} 100 mg/kg i.p.) the brain tryptophan increase could be explained by the lipolytic 
action of the drug, i.e. increased plasma unesterified fatty acid freeing plasma tryptophan from protein 
binding so that it became available to the brain. 

3 Plasma unesterified fatty acid did not increase when aminophylline (100 mg/kg i.p.) was given to 
nicotinamide-treated rats but as both plasma total and free tryptophan rose, a tryptophan increase in 
the brain still occurred. 

4 The rise in brain tryptophan concentration following the injection of a higher dose of the drug 
(150 mg/kg i.p.) could no longer be explained by a rise of plasma free tryptophan as the ratio of brain 

tryptophan to plasma free tryptophan rose considerably. Plasma total tryptophan fell and the plasma 
insulin concentration rose. 

5 The increase of brain tryptophan concentration after injection of 150 mg/kg aminophylline 
appeared specific for this amino acid as brain tyrosine and phenylalanine did not increase. However as 
their plasma concentrations fell the brain/plasma ratio for all three amino acids rose. 

6 The higher dose of aminophylline increased the muscle concentration of tryptophan but that of 
tyrosine fell and that of phenylalanine remained unaltered. The liver concentrations were not affected. 

7 The aminophylline-induced increases of the ratio of brain tryptophan to plasma free tryptophan no 
longer occurred when the drug was given to animals injected with the -adrenoceptor blocking agent 
propranolol or the diabetogenic agent streptozotocin. 

8 The changes in brain tryptophan upon aminophylline injection may be explained by (a) increased 
availability of plasma tryptophan to the brain due to increased lipolysis and (b) increased effectiveness 


of uptake of tryptophan by the brain due to increased insulin secretion. 


Introduction 


Much attention has recently been paid to mechanisms 
by which brain tryptophan concentration is controlled. 
This is principally because tryptophan hydroxylase, 
the rate limiting enzyme for brain 5-hydroxy- 
tryptamine (5-HT) synthesis is normally unsaturated 
with its precursor tryptophan (Eccleston, Ashcroft & 
Crawford, 1965; Friedman, Kappelman & Kaufman, 
1972) so that alterations of brain tryptophan con- 
centration can lead to changes of brain 5-HT 
turnover. 

There is evidence that the following three factors 
can influence brain tryptophan concentration: 

(a) Changes in the concentration of the relatively 
small fraction of unbound tryptophan in plasma 
(Knott & Curzon, 1972; Tagliamonte, Biggio, Vargiu 
& Gessa, 1973). This fraction can be increased in 
conditions in which the plasma concentration of 


unesterified fatty acids (UFA) increases as these 
substances decrease the binding of tryptophan to 
albumin (Knott & Curzon, 1972; Curzon, Friedel & 
Knott, 1973; Curzon, Kantamaneni, Winch, Rojas- 
Bueno, Murray-Lyon & Williams, 1973; Curzon & 
Knott, 1974; Knott & Curzon, 1975). 

(b) Competition between tryptophan and a group of 
neutral amino acids for uptake by the brain This has 
been shown in vitro (Kiely & Sourkes, 1972) and in 
vivo (Oldendorf, 1971). The tryptophan con- 
centrations used in these experiments were 
considerably greater than those of free tryptophan in 
plasma. However, this mechanism could be involved 
in the control of brain tryptophan concentration 
following food intake as brain tryptophan then no 
longer correlates with free plasma tryptophan 
(Madras, Cohen, Messing, Munro & Wurtman, 1974). 
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It has also been used to explain increased brain 
tryptophan in liver failure by Munro, Fernstrom & 
Wurtman (1975) who suggested that plasma insulin 
elevation in this disorder leads to a fall in the plasma 
concentrations of branched chain amino acids 
competing with tryptophan for transport to the brain. 
Although brain tryptophan changes in various kinds 
of acute liver failure have been explained largely in 
terms of plasma free tryptophan changes (Curzon, 
Knott, Murray-Lyon, Record & Williams, 1975) 
insulin injection does lead to an increase of brain 
tryptophan or of the ratio of its concentration to that 
of plasma free tryptophan (Fernstrom & Wurtman, 
1971; Fernando, Knott & Curzon, 1976). 

(c) Effectiveness of tryptophan uptake by the brain. 
This exhibits diurnal variations and may be affected 
by the activity of central catecholaminergic systems 
(Hery, Rouer, Kan & Glowinski, 1974) and cyclic 
adenosine-3',5’-monophosphate (cyclic AMP) 
(Tagliamonte, Tagliamonte, Forn, Perez-Cruet, 
Krishna & Gessa, 1971). 

One group of drugs which increase brain 5-HT 
turnover are the methylxanthines, e.g. aminophylline 
(Berkowitz & Spector, 1971). The increased 5-HT 
turnover due to aminophylline is associated with an 
increase in brain tryptophan concentration (Curzon & 
Knott, 1974) which appears to be related to inhibition 
of cyclic AMP breakdown in fat cells (Butcher, Ho, 
Meng & Sutherland, 1975) leading to an elevation of 
UFA and hence of free tryptophan in the plasma. 
However, the catecholamine releasing (Wooten, Thoa, 
Kopin & Axelrod, 1973), insulin releasing (Turtle, 
Littleton & Kipnis, 1967) or other actions of 
aminophylline could also be involved. 

The present paper describes an investigation of the 
roles of plasma free tryptophan and insulin in the 
action of aminophylline on brain concentrations of 
tryptophan and on brain 5-HT metabolism. The effect 
of aminophylline on the disposition of other aromatic 
amino acids was also studied. 


Methods 


Male Sprague-Dawley rats (170-220, Anglia 
Laboratory Animals, Alconbury, Hunts.) were caged 
in groups of three or four and kept under a 
06 h 00 min—18 h 00 min light-dark cycle in an 
acoustically lagged housing at 24+ 1°C and fed with 
Oxoid 41B pellets and water ad libitum. The animals 
were killed by guillotine between 14k 30 min and 
16h30min and blood collected into heparin- 
containing tubes except when required for insulin 
assay when citrate was. used. It was immediately 
centrifuged and the plasma stored at —20°C. 
Separate samples were stored for insulin assay. The 
brains were removed rapidly, frozen with solid CO, 
and stored at —20°C. 

The following drugs were used: aminophylline 


injection B.P. (Evans Medical), nicotinamide, 
propranolol (ICI), streptozotocin (Upjohn, 
Kalamazoo, Mich.,) dissolved in 0.07M pH 4.5 
sodium citrate buffer, caffeine citrate (BDH) and 
theobromine (BDH). Drugs supplied as solids were 
dissolved in 0.99% w/v NaCl solution (saline) unless 
otherwise stated. Injection volume was 2.5 ml/kg body 
weight. Control animals were injected with the appro- 
priate vehicles. 


Analytical methods 


Plasma total and ultrafilterable tryptophan, brain 
tryptophan, 5-HT and 5-hydroxyindoleacetic acid (5- 
HIAA) and plasma and brain tyrosine were 
determined as previously described (Curzon, Joseph & 
Knott, 1972; Knott & Curzon, 1972). Phenylalanine 
was determined by the method of McCaman & 
Robins (1962) in plasma and in a 50 pl portion of the 
brain extract used for tyrosine determination (Curzon 
et al., 1972). Tryptophan, tyrosine and phenylalanine 
were also determined in gastrocnemius muscle and 
liver by the above methods. Plasma UFA were 
determined flucrometrically (Curzon & Kantamaneni, 
unpublished) and plasma insulin by radioimmuno- 
assay (Kit method, Lepetit, Maidenhead, Berks.). 


Results 
Behavioural effects of aminophylline 


Rats given 50—150 mg/kg aminophylline in- 
traperitoneally were more responsive than control 
ainmals to auditory, visual and tactile stimuli at about 
45 min after injection. This soon disappeared and at 2 h 
the animals appeared sedated and flaccid and at 3h 
were curled up and cool to the touch. 


Effect of aminophylline on plasma unesterified fatty 
acids and tryptophan and on brain tryptophan and 
brain 5-hydroxytryptamine metabolism 


Figure 1 shows that during the 3h period after an 
injection of aminophylline (150 mg/kg i.p.) the total 
tryptophan concentration in the plasma gradually fell. 
The changes were significant at 2 and 3 hours. Plasma 
UFA and the percentage of plasma tryptophan which 
was unbound (i.e. ultrafilterable) did not alter 
significantly until the third hour when both rose to 
about twice their initial values. However, as total 
tryptophan fell the absolute increase in free 
tryptophan was not significant. The brain con- 
centrations of tryptophan and 5-HIAA were 
significantly increased 1, 2 and 3 h after aminophylline 
injection (Figure 2) but not that of 5-HT. The brain 
changes did not simply reflect plasma free tryptophan 
changes as the ratio: brain tryptophan/plasma free 
tryptophan rose (significantly at 2 hours). 


Plasma total tryptophan (ug/ml) 


Plasma UFA (mEq/l) 





C 1h 2h 3h 


Figure 1 
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Time course of effect of aminophylline (150 mg/kg, ip.) on the plasma concentrations of 


unesterified fatty acids (UFA) and tryptophan. Rats were killed 1, 2 or 3 h after the drug Injection. Control 
animals were injected with saline. Control animals killed 1, 2 or 3 h after the Injection did not show significantly 
different biochemical values and combined results are shown in column C. Results are expressed as means + 
one s.d. Numbers of determinations shown In parentheses. Significance of differences from controls (Student's 


t test): *P < 0.02; **P <0.001. 
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Figure2 Time course of effect of aminophylline (150 mg/kg, i.p.) on brain indoles. Treatments as described 
under Figure 1. Results are expressed as means + one s.d. using 6—6 rats per group. Significance of differences 
from controls (Student's t test): *P <0.05; **P < 0.02: * P < 0.01; ****P < 0.001. 


Table 1 shows the effects of 50, 100 and 150 mg/kg 
of aminophylline 3h after intraperitoneal injection. 
Plasma total tryptophan fell significantly at the 
150 mg/kg dose (as shown in Figure 1) At the lower 
dose it only altered slightly. UFA rose significantly at 
all doses but without apparent dose-dependence, 
There were associated rises in the percentage of free 
tryptophan in the plasma (not shown) and at the two 
lower doses the free tryptophan concentration in the 
plasma rose considerably and significantly. However, 
presumably because of the associated fall of total 


plasma tryptophan the concentration of free 
tryptophan did not rise at the highest drug dose. 
Nevertheless brain tryptophan and 5-HIAA con- 
centrations rose significantly at all doses. The 
percentage increases of brain tryptophan and 5-HIAA 
were only slightly higher as the dose of aminophylline 
increased and were comparable for both substances. 
As in earlier work (Curzon & Knott, 1974) 5-HT rose 
slightly but significantly at all doses. The ratios of 
brain tryptophan to plasma free tryptophan were not 
significantly altered by the lower two doses of 
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aminophylline suggesting that the brain changes at 
these doses largely reflected those of the plasma con- 
centrations of free tryptophan but at the 150 mg/kg 
dose this ratio was considerably increased. 


Effect of aminophylline (100 mg/kg) on plasma 
unesterified fatty acids and tryptophan and brain 
tryptophan in nicotinamide-treated or fasted rats 


The relationship between the effects of aminophylline 
on plasma UFA and on tryptophan and its 
metabolism was studied by the injection of 
aminophylline at a dose of 100 mg/kg. The effect of 
this dose on brain tryptophan can be explained by the 
increase in the plasma concentration of free 
tryptophan due to increased plasma UFA (Table 1). It 
was given either with nicotinamide (250 mg/kg) which 
prevents lipolysis (Dalton, Van Trabert & Dwyer, 
1970) or after depriving rats of food for 24h to 
promote lipolysis. Results are shown in Table 2. In 
nicotinamide-treated rats aminophylline increased 
neither plasma UFA nor the percentage of free 
tryptophan (not shown) 3 h later. However, as plasma 
total tryptophan concentration increased significantly 
the absolute concentration of plasma free tryptophan 
also increased and brain values rose comparably. 

As previously found (Knott & Curzon, 1972), 
fasting increased both plasma free tryptophan and 
brain tryptophan comparably. Treatment of fasted 
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rats with aminophylline led to a fall of plasma total 
tryptophan concentration and to a further increase of 
plasma free tryptophan concentration so that in 
contrast with the normal and the nicotinamide 
experiment the percentage of plasma tryptophan in the 
free state rose considerably (even though an increase 
of plasma UFA was not demonstrable). Brain 
tryptophan concentration increased by 55% and 
plasma free tryptophan concentration by 25%. 
Comparison with results in Table 1 did not suggest 
that fasted and fed rats responded differently to 
aminophylline. 


Effect of aminophylline (150 mg/kg) on plasma 
unester{fied fatty acids and insulin and on plasma and 
brain aromatic amino acids 


The mechanism by which the higher dose of 
aminophylline increased brain tryptophan without 
apparently increasing the concentration of plasma free 
tryptophan (Table 1, Figures 1 and 2) was investigated 
further by studying the effects of aminophylline 
(150 mg/kg ip.) not only on the concentrations of 
tryptophan but also on those of tyrosine and 
phenylalanine in plasma and brain 3h after the 
injection in order to see whether the effect was specific 
to tryptophan. Plasma insulin was also determined to 
see whether a relation exists between the amino acid 
changes and the effect of aminophylline on insulin 


Table 2 Effect of aminophylline on plasma unesterified fatty acid (UFA) and tryptophan disposition In 


nicotinamide treated and food-deprived rats 


Brain Brain 
Plasma tryptophan tryptophan 
Treatment UFA (mEq/I} Tryptophan fug/mi) {ug/gi Plasma free 
Total Free tryptophan 
Nicotinamide 0.32 +0.33 14.47 +2.90 1.84 +0.51 2.78 40.40 1.56 +0.26 
(250 mg/kg) (12) (13) (13) (13) 
Nicotinamide 
{250 mg/kg) 
+ 0.24 +0.13 20.29 + 3.97*™ 2.61+0.33"* 4.34+0.53*** 1.72 +0.34 
aminophylline (13) (13) (11) (13) (11) 
{100 mg/kg) 
Fed + saline 0.53 +0.29 16.18 +2.71 2.27 +0.20 2.94 +0.25 1.30 +0.15 
(6) 
ar naa nF 1.09+0.37t 15.83+2.69 2.97+0.37tt 3.75+0.39łt 1.28 +0.23 
Fasted 24 h+ 
aminophylline 0.99+0.22 11.71+1.23* 3.71+0.20* 5.80+0.53*"* 1.58 +0.38 
(100 mg/kg) (5) 


injections were made intraperitoneaily and rats killed 3h later. Results on rats given nicotinamide are 


combined from two separate experiments. 


Results are expressed as means + one s.d. Nos. of determinations are shown in parentheses. Results compared 


by Student's t test. Significance of differences from 


corresponding nicotinamide or fasted and saline-injected 


controls: * P<0.02; ** P<0.01; *** P<0,001. Signlficance of difference from fed controls: t P< 0.02; tt 


P<0.01. 
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propranolol (2 mg/kg i.p„ x2) on plasma con- 


centrations of unesterlfied fatty acids (UFA), total tryptophan and insulin. Aminophylllne was injected 3 h 
before killing and propranolol injected 3 h and 1 h before killIng. All-experiments were performed concurrently. 
Results are expressed as means-+ one s.d. using 6 rats per group. Significance of differences from controls 
(Student's t test): aminophylline v. saline-injected controls: *P<0.05; aminophylline and propranolol v. 
propranolol-Injected controls: tP < 0.065: propranolol v. saline-Infected controls: £P < 0.05. 


secretion (Turtle ef al., 1967). Figure 3 shows the con- 
centration of total plasma tryptophan together with 
that of UFA and insulin. Values for brain and plasma 
aromatic amino acids are shown in Figure 4. 

In this experiment the decrease of plasma total 
tryptophan was proportionately less (19%) than that 
found before under the same conditions (Figure 1, 
28%; Table 1, 36%); as before, plasma free tryptophan 
concentration was essentially unaffected. The plasma 
concentrations of tyrosine and phenylalanine fell 
significantly, indicating that the fall of the plasma con- 
_ centration of total tryptophan was not specific for this 
amino acid. These changes occurred together with a 
significant increase of the plasma insulin concentra- 
tion. The increased ratio of brain tryptophan to 
plasma tryptophan was not specific for this amino 
acid as the ratios for the other two amino acids were 
also raised, significantly so in the case of tyrosine. 
However, this was associated with decreases in the 
plasma concentrations of tyrosine and phenylalanine so 
that their concentrations in the brain (unlike that of 
tryptophan) did not rise. Brain tyrosine showed a small 
but significant decrease. 


Effects of aminophylline in propranolol-treated rats 
(Figures 3 and 4) 


The effect of B-adrenoceptor blockade on amino- 
phylline-induced changes was investigated by giving 
propranolol. Propranolol alone did not alter the 
parameters measured except the plasma insulin con- 


centration which fell by 50% (see Figure 3) and the 
ratio of brain tyrosine to plasma tyrosine which fell 
slightly but significantly. 

Aminophylline (150 mg/kg) when given to 
propranolol-treated rats no longer increased plasma 
UFA. The plasma concentrations of total tryptophan 
and tyrosine fell, but that of phenylalanine was 
unaltered (Figure 3). The increase in the brain/plasma 
ratios for tryptophan and phenylalanine con- 
centrations no longer occurred and the increase in the 
corresponding ratio for tyrosine was less pronounced 
than when aminophylline was given in the absence of 
propranolol. Thus propranolol largely prevented the 
effects of aminophylline on aromatic amino acid 
disposition between plasma and brain. It did not 
prevent the aminophylline-provoked rise in plasma 
insulin although the concentrations reached were 
somewhat lower. The insulin values were widely 
scattered (Figure 3). In a separate experiment 
propranolol decreased the raised plasma insulin con- 
centration values 3h after aminophylline injection 
from 119+61 (s.d.) (n=6) to 53419 (s.d.) pu/ml 
(n=6). Therefore the relation between the amino acid 
changes and insulin remained unclear. 


Effect of aminophylline (150 me/kg) on aromatic 
amino acids in liver and muscle 


As aminophylline (150 mg/kg) altered the disposition 
of aromatic amino acids between plasma and brain 
these amino acids were estimated in other tissues 3h 
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Figure 4 Effects of aminophylline (150 mg/kg i.p.) and propranolol (2 mg/kg i.p., x2} on plasma and brain 
concentrations of aromatic amino acids. Details as In Figure 3. Results are expressed as means either + or — 
one s.d. using 5—8 rats per group. Significance of differences from controls (Student's ¢ test): aminophylline v. 
saline-injected controls: *P<0.05; **P<0.01; ***P<0.001; aminophylline and propranolol v. propranolol: 
tP < 0.05, ttP <0.01; propranolol v. saline-InJected controls: {P < 0.06. 


after aminophylline injection. The results in Figure 5 
show that muscle tryptophan increased moderately 
but significantly in association with a comparable rise 
of plasma free tryptophan so that the muscle/plasma 
ratio remained unaltered. The concentrations in the 
liver of tryptophan, tyrosine and phenylalanine were 
not significantly changed. Muscle tyrosine fell 
significantly but as the plasma concentration fell even 
further the ratio, muscle tyrosine/plasma tyrosine rose 
significantly as did also the ratio: liver tyrosine/plasma 
tyrosine. These ratios were also increased for 
phenylalanine but not significantly. 


Effect of aminophylline (150 mg/kg) in streptozotocin 
diabetic rats 


In order to clarify the role of insulin in the action of 
aminophylline on the disposition of aromatic amino 
35 


acids the parameters shown in Figures 3 and 4 were 
also measured in rats made diabetic with 
streptozotocin (Arison, Ciaccio, Glitzer, Cassaro & 
Pruss, 1967) before aminophylline injection. In a 
preliminary experiment (Experiment 2, Table 3) 
streptozotocin was injected into a tail vein (65 mg/kg) 
72 h before aminophylline (150 mg/kg, ip.); 3 h later 
streptozotocin-treated rats had significantly lower 
plasma insulin values than control rats (both injected 
with saline). Aminophylline did not significantly 
increase plasma insulin in the streptozotocin-treated 
rats. The data obtained on the brain were not easy to 
interpret. Although the brain/plasma ratio for 
tryptophan concentrations was no longer significantly 
increased by aminophylline the ratios for tyrosine and 
phenylalanine were still significantly raised (not 
shown). These increases could have been due to effects 
of aminophylline on residual pancreatic insulin stores 
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Figure5 Effect of aminophylline (150 mg/kg l.p.} 
on aromatic amino acids In muscle and liver. 
Aminophylline was injected 3 h before killing. Results 
are expressed as means either + or — one s.d. using 6 
rats per group. Significance of differences fram 
controls (Student's t test): aminophylline v. sallne~ 
injected controls: *P<0.01, **P <0.001. Plasma and 
brain values are not shown being essentially the same 
as In Figures 3 and 4 except that brain phenylalanine 
fell by 21% (P<0.001) and the Increase of the brain 
phenylalanine/plasma phenylalanine ratio was 
significant (+39%, P<0.001)}. 
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Figure 6 Effect of aminophylline (150 mg/kg i.p.) 
and streptozotocin (90 mg/kg i.p.) on plasma 
unesterified fatty acids (UFA) and total tryptophan. 
Streptozotocin was Injected 48h before 
aminophylline and rats killed 3h later. Results are 
expressed as means+one s.d. Significance of 
differences from streptozotocin Injected controls, 
(Student's t test): *P<0.01, **P<0.001. insulin 
values are shown in Table 3, Experiment 3. 


released during the first 2 h after aminophylline but no 
longer reflected by plasmà insulin values 3h later. 
This is possible because plasma insulin values of non- 
diabetic rats were much higher 1h than at 3h after 
aminophylline (Experiment 1, Table 3). 

Therefore, in a subsequent experiment a larger dose 
of streptozotocin was given (90 mg/kg, i.p.). Principal 


Table 3 Effect of aminophylline on plasma Insulin In normal and streptozotocin-treated rats 


Treatment 


Plasma insulin (uu/ml) 


ih 3h 
Experiment 1 = Aminophylline 380 + 32 (6) 119+61 (6) 
Experiment2 Saline 65+11 (6) 
Streptozotocin-treated rats (66 mg/kg, i.v. 72 h previously} 
Saline 21+11 (6)* 
Aminophylllne 26+ 9 (6) 
Experiment3 Streptozotocin-treated rats (90 mg/kg, ip. 48—72 h previously) 
Saline 10+ 3 (6) 11+ 6 (8) 
Aminophylline 7+ 4(8) 11+ 6(5) 


None of the three experiments was performed concurrently. i 

Results are expressed as means +one s.d. Nos. of determinations are shown in parentheses. ‘Rats killed at 
these times after Intraperitoneal injection of saline or aminophylline (150 mg/kg). 

* Significance of difference from rats not given streptozotocin, P< 0.001. 
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results are shown in Figures 6 and 7. Plasma insulin 
concentrations were not altered significantly 1 and 3h 
after aminophylline (Experiment 3, Table 3) and both 
values were lower than in the previous experiment. 
The plasma concentrations of UFA and free 
tryptophan were doubled 3 h after aminophylline. This 
was accompanied by a large and significant fall of the 
concentration of plasma total tryptophan so that the 
percentage of free tryptophan was increased more 
than five-fold. Plasma tyrosine fell significantly but 
much less strikingly than total tryptophan. The brain 
concentrations of the three amino acids were 
essentially unaltered (not shown) and brain/plasma 
ratios were no longer increased by amimophylline and 
in the case of tryptophan the ratio fell significantly, i.e. 
the rise of plasma free tryptophan was not parallelled 
by a rise in the brain tryptophan concentration 3h 
after aminophylline injection. However, brain 
tryptophan may have risen at an earlier time as both 
5-HT and 5-HIAA were significantly increased (5-HT, 
+21%, P<0.01; 5-HIAA, +44%, P<0.001). Indeed, 
the experiment in Table 4 indicates that 1h after 
aminophylline injection brain tryptophan did rise. 

In this experiment aminophylline caused a large rise 
in the concentration of plasma UFA (in contrast with 


findings 1 h after giving the same dose of the drug to 
non-diabetic rats, see Figure 1) and percentage free 
tryptophan rose proportionately although as total 
tryptophan fell the mean free tryptophan concentra- 
tion only rose to a lesser extent and not significantly. 
Nevertheless brain tryptophan did increase 
significantly and in proportion to the increase of 
plasma free tryptophan. 


Effects of other methylxanthines on brain indoles 


Table 5 shows that brain tryptophan and 5-HIAA 
were increased significantly by caffeine. The increase 
of 5-HIAA agrees with the findings of Berkowitz & 
Spector (1971). Theobromine at comparable doses 
had a similar but smaller effect and only the increased 
in 5-HIAA was significant. 


Discussion 


The results suggest that the increases in brain 5-HT 
metabolism following the injection of aminophylline or 
other methylxanthines are the consequence of 
increases of brain tryptophan. Previously (Curzon & 


Table4 Plasma unesterified fatty acid (UFA), Insulin and tryptophan and braln tryptophan 1 h after injecting 


streptozotocin-treated rats with aminophylline 


Brain Brain 
Plasma tryptophan tryptophan 

UFA {mEq/l} Insulin Tryptophan (ug/ml) (ug/g) Plasma free 
Treatment {uu/mi) Total Free tryptophan 
Saline 0.44 +0.23 1242 17.344+2.19 2.55 +0.50 4.13 +0.63 1.868 +0.44 
l.p. (4) 
Aminophylline 1.19+0.41* 8+3 7.69 + 1.05***3.63 +0.91 56.665+047** 164+0.42 
(150 mg/kg lp.) 
(8) 


Streptozotocin (90 mg/kg i.p.) was given 72 h beforehand to rats which had been fasted overnight. Results are 
expressed as means + one s.d, Nos. of determinations are shown In parentheses. 
Significance of differences from sallne-injected controls: *P < 0.02; **P <0.01; ***P< 0.001. 


Table 5 Effects of caffelne and theobromine on braln Indoles 


Brain (ug/g) 
Injected Tryptophan §-HT 5-HIAA 
Saline ({i.p.) 4.48+0.84 0.54 +0.12 0.40 + 0,05 
Caffeine (64 mg/kg, i.p.) 5.80+1.09* 0.665+0.09 0.62+0.11** 
Theobromine (59 mg/kg, l.p.) 5.48+0.80  0.69+0.05 0.50+0.04** 


Doses were molar equivalents of 75 mg/kg aminophylline. 


Rats were killed 3h after injection of drug. Results are expressed as means+one s.d. for 5—6 rats/group. 
Signtficance of difference from saline-injected controls: *P < 0.05; **P < 0.01. 
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Figure 7 Effect of aminophylline (150 mg/kg l.p.) 
and streptozotocin (90 mg/kp l.p.) on aromatic amino 
acids in plasma and brain. Detalls as in Figure 5. 
Significance of differences from streptozotocin- 
injected controis (Student’s ¢ test): *P<0.01, 
**P<0.001. 


Knott, 1974) the rise in brain tryptophan caused by 
aminophylline has been related to the lipolytic action 
of the drug increasing plasma UFA so that plasma 
tryptophan was freed from albumin binding and 
became more easily available to the brain. The present 
more detailed study suggests that the above 
mechanism can explain the increase of brain 
tryptophan after lower doses of aminophylline 
(100 mg/kg), in common with various other 


circumstances in which concentrations of both free 
plasma tryptophan and brain tryptophan alter 
together (Curzon et al, 1973; Gessa & Tagliamonte, 
1974; Knott & Curzon, 1975). However, the above 
mechanism does not adequately explain the increase 
of brain tryptophan when 150 mg/kg of aminophylline 
is injected. 

This larger dose of aminophylline considerably 
increased brain tryptophan concentration whereas the 
plasma concentration of free tryptophan did not 
increase correspondingly. Thus the ratio of tryptophan 
concentration in brain to that in plasma was increased, 
Suggesting increased effectiveness of tryptophan 
uptake by the brain. The rise of brain tryptophan con- 
centration at the higher drug dose appeared to be 
specific for this amino acid as major changes in the 
brain concentrations of tyrosine and phenylalanine did 
not occur. However, the mechanism responsible for 
the rise of brain tryptophan is not indicated to be 
specific for this amino acid as brain/plasma ratios 
increased for all three amino acids. This agrees with 
the work of Petkov, Usunov & Kushev (1974) who 
found that theophylline injected intraperitoneally 
increased brain uptake of various amino acids. The 
fall of the plasma tyrosine concentration after 
aminophylline could involve increased muscle uptake 
of tyrosine due to the rise in insulin release (see 
below) as well as increased activity of tyrosine 
aminotransferase the synthesis of which is increased 
by aminophylline (Wicks, 1968) and by insulin 
(Gelehrter & Tomkins, 1970). 

Possible mechanisms responsible for the chemical 
changes in the brain caused by aminophylline are 
suggested in Figure 8. Thus methylxanthines can 
increase cyclic AMP levels by releasing catecholamine 
(Wooten et al, 1973) and thus stimulating cyclic 
AMP synthesis and/or by inhibiting cyclic 3’,5’- 
nucleotide phosphodiesterase (Butcher ef al., 1965) 
and thus preventing cyclic AMP degradation. The 
cyclic AMP increases in fat cells and in the pancreas 
result in increased lipolysis (Butcher et al, 1965) and 
insulin secretion (Turtle et al, 1967) respectively. 
Thus in the present study aminophylline increased 
both plasma UFA and insulin. 

These changes can exert mutual influences. Thus 
insulin has antilipolytic effects (Butcher, Baird & 
Sutherland, 1968) while UFAs can increase insulin 
secretion (Malaisse & Malaisse-Lagae, 1968; Balasse 
& Ooms, 1973). The antilipolytic action of insulin 
may explain why plasma UFA did not rise until 3h 
after aminophylline injection (Figure 1) and also why 
the increase of UFA was not directly proportional to 
drug dosage (Table 1). Conversely, particularly large 
UFA increases occurred when aminophylline was 
given to animals with experimental diabetes following 
streptozotocin treatment. That insulin secretion as well 
as lipolysis could be responsible for the brain 
tryptophan changes following aminophylline 
injections is indicated by previous work im which 
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Figure 8 Relationships between aminophylline and brain tryptophan. 


insulin was found to increase brain tryptophan in 
food-deprived rats (Fernstrom & Wurtman, 1971; 
Curzon & Knott, 1974) and also increased brain 
uptake of L-[G-?H]-tryptophan (Dickerson & Pao, 
1975). Furthermore, the effects of insulin and 
streptozotocin on the disposition of tryptophan 
between plasma and brain in fed rats have been 
explained in terms of concurrent insulin and UFA 
changes (Fernando et al., 1976). 

The increases in the plasma concentrations of 
insulin and UFA following aminophylline treatment 
are both mediated by f-adrenoceptors and such 
receptors seem also to be required for the effects of the 
drug on the disposition of tryptophan and other amino 
acids between plasma and brain (Figure 4) as these 
effects of aminophylline are prevented or decreased by 
propranolol. Insulin also seems to be involved in the 
above effect of aminophylline as it was opposed by 
previous streptozotocin treatment. However as 
aminophylline increased brain tryptophan concentra- 
tion in these diabetic rats under at least some 
conditions (Table 4) the findings are consistent with 
the brain tryptophan changes not depending solely on 
insulin but also on plasma free tryptophan. The results 
in general suggest that both lipolytic and insulin 
secretory effects should also be considered when 
interpreting the effects of other drugs on brain 
tryptophan concentration. Whether such drugs 
increase lipolysis and/or insulin secretion a rise in the 
brain tryptophan concentration and 5-HT turnover 
will tend to occur. Similarly, increased lipolysis 
following food deprivation (Knott & Curzon, 1972) 
and increased insulin secretion following food intake 
(Fernstrom & Wurtman, 1971) can lead to increased 
brain tryptophan and 5-HT turnover. Thus, supplies 
of tryptophan to the brain for 5-HT synthesis and 
other purposes such as protein synthesis may be 
maintained in two contrasting situations. 

The effectiveness of the supply of tryptophan to the 
brain depends on the responsiveness of ĝ- 
adrenoceptors and may be opposed by stimulation of 


a-adrenoceptors which decrease both insulin secretion 
(Turtle et al, 1967) and lipolysis (Boshart, Smith, 
Will, Perrine & Ringler, 1961; Burns, Mohs, Langley, 
Yawn & Chase, 1974). Another possible limitation on 
the availability of tryptophan to the brain from the 
plasma is its uptake by other tissues. This appears to 
be increased by aminophylline and also by carbon 
tetrachloride poisoning (Knott & Curzon, 1975). Both 
drugs led to an increase of plasma free tryptophan and 
the tryptophan concentration rose not only in the 
brain but also in muscle (which contains much larger 
amino acid pools). It is worth pointing out that the 
aminophylline-provoked increase in insulin secretion 
could enhance protein synthesis in muscle 
(Manchester, 1970) and therefore determinations of 
only the non-protein bound muscle tryptophan (or 
other amino acids) may give a falsely low index of 
increased flux into muscle. 

Tryptophan catabolism in the liver on the pyrrolase 
pathway (Curzon, 1969; Green, Woods, Knott & 
Curzon, 1975) may also limit its availability to the 
brain although in the present study aminophylline may 
have an opposite effect as it inhibits pyrrolase in vivo 
(Young, Oravec & Sourkes, 1974). 

Although the main purpose of this work was to use 
aminophylline to elucidate the mechanisms by which it 
influences brain tryptophan and 5-HT metabolism and 
which may also be relevant in other circumstances, the 
changes found may also be involved in the behavioural 
effects of the drug. Thus the increased sensitivity to 
external stimuli following aminophylline injection 
appears to be mediated via catecholaminergic 
mechanisms (Paalzow & Paalzow, 1974) and these 
may well be opposed by increased 5-HT synthesis as 
is suggested by work on the effect of altered 5-HT 
synthesis on the behavioural consequences of other 
drugs acting on catecholamine neurones (e.g. Mabry 
& Campbell, 1973). 


We thank the MRC for a Programme Grant. Streptozotocin 
was generously supplied by the Upjohn Co. 
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THE EFFECT OF A NEW ANTI- 


INFLAMMATORY DRUG, FLURBIPROFEN, ON THE 
RESPIRATORY, HAEMODYNAMIC AND METABOLIC 
RESPONSES TO E£. coli ENDOTOXIN SHOCK IN THE CAT 


J.R. PARRATT & R.M. STURGESS 


The Department of Physiology and Pharmacology, University of 
Strathclyde, Royal College, 204 George Street, Glasgow, G1 1XW 


i The intravenous administration of E. coli endotoxin (2.0 mg/kg) in cats anaesthetized with sodium 
pentobarbitone resulted in immediate pulmonary hypertension and reductions in lung compliance and 
systemic arterial Po,. These effects were abolished, or greatly reduced, by the prior intravenous 
administration of flurbiprofen in doses (100 and 250 pg/kg and 1.0 mg/kg) which were devoid of 
cardiovascular or metabolic effects. Flurbiprofen is thus the most active antipyretic-analgesic drug so 


far examined in this experimental model. 


2 Production of lactate, characteristic of the severe, secondary endotoxin shock phase, was delayed 
only by the highest dose of flurbiprofen; hypotension, hypoglycaemia and the reduction in cardiac 


output which occurs during this phase, were unaffected. 


3 These findings are discussed with reference to the treatment of the ‘shocked lung’ syndrome of 


human septicaemia. 


Introduction 


Marked pulmonary changes occur in patients with 
septic shock; there is pulmonary vascular obstruction 
(perhaps due, in part, to emboli, intravascular 
coagulation and platelet aggregation), interstitial 
pulmonary oedema, a reduction in lung compliance 
and disturbances in the ventilation-perfusion relation- 
ship (Pontoppidan, Geffin & Laver, 1971). These 
changes give rise to the so-called ‘shock lung’ 
syndrome. Similar changes have been described in 
rabbits following the administration of Salmonella 
typhi endotoxin (Gemer, Hayes, Ishikawa, Cuevas & 
Hirsch, 1973). 

In a previous study (Parratt & Sturgess, 1974) we 
showed that indomethacin, in a single intravenous 
dose of 10 mg/kg, prevented the pulmonary hyper- 
tension and oedema that follows the administration of 
E. coli endotoxin in the cat. It also delayed the onset 
of the secondary shock phase, which is characterized 
in this species by systemic hypotension, a reduction in 
cardiac output and an increasingly severe metabolic 
acidosis (Parratt, 1973). However, one problem with 
using indomethacin in this experimental model is that 
it can cause substantial myocardial depression 
(Parratt & Sturgess, 1974). Although it is not known 
whether the pulmonary changes that occur in septic 
shock are modified by drugs like indomethacin it 
seemed worthwhile exploring the effect of other anti- 
pyretic-anaigesic drugs on the pulmonary effects of 


endotoxin in the cat; such drugs might be more 
effective than indomethacin and cause less myocardial 
depression, an important consideration since 
myocardial function is often depressed in septic shock 
(Siegel & Fabian, 1967). This paper describes the 
effects, in experimental endotoxin shock, of flur- 
biprofen (2-(2-fluoro-4-biphenylyl}-propionic acid) a 
potent, orally active non-steroidal anti-inflammatory 
drug (Glenn, Rohloff, Bowman & Lyster, 1973; 
Adams, McCullough & Nicholson, 1975) which 
recently has been shown to be extremely active in 
inhibiting human platelet aggregation (Nishizawa, 
Wynalda, Suydam & Molony, 1973; Davies, Lederer, 
Spencer & McNicol, 1974; Sim, McCraw & Sim, 
1975). 


Methods 


Cats of either sex were anaesthetized with sodium 
pentobarbitone (36 mg/kg body weight, intra- 
peritoneally), with additional 6 mg doses intra- 
venously given as required throughout the course of 
the experiment to maintain anaesthesia. A femoral 
vein was cannulated for the administration of 
endotoxin and drugs, and 300 units/kg of heparin was 
given intravenously before proceeding with further 
surgery. Systemic arterial pressure was recorded with 
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a capacitance transducer (Elema-Schonander EMT 
35) from a catheter inserted, by way of the right 
carotid artery, such that the tip lay in the aortic arch. 
Mean pressure was obtained by electronic integration 
and aortic dP/dt was continuously determined with an 
Elema-Schonander differentiator. Pulmonary artery 
(‘downstream’) pressure was recorded, following a left 
thoracotomy, via a needle-tipped catheter inserted 
directly through the wall of the artery, and connected 
to a Statham P23Db transducer. 

In all cats the trachea was cannulated with a glass 
T-piece cannula and the animals respired with room 
air using a Palmer positive pressure ventilation pump 
at a rate of 20 per minute. The stroke volume was 
adjusted to approximately 20 ml/kg body weight, in 
order to give an arterial Po, of over 80 mmHg, and 
was usually within the range 40—60 ml. In order to 
measure the intratracheal pressure, a polythene 
catheter was sealed into the side arm of the cannula, 
and connected to a Statham P23Db transducer. At 
various times during these experiments, in order to 
assess changes in airway dynamic compliance, the 
respiratory stroke volume was readjusted to different 
levels, and the corresponding change in intratracheal 
pressure measured; at least 20—30 min were allowed 
to elapse after this procedure before any attempt was 
made to record cardiac output or to sample blood. 

Cardiac output was measured by thermodilution as 
previously described (Parratt, 1973). 

Systemic arterial pressure, pulmonary artery 
pressure, aortic dP/dt, and the electrocardiogram 
(standard lead II) were recorded simultaneously on a 
display oscilloscope (Racal Instruments) and on an 
ink-jet writing recorder (Elema-Schonander 
mingograph 81). 

Blood samples (1.0—2.0 ml) were withdrawn from 
the arterial catheter to be analysed for O, and CO, 
tensions, and pH, using appropriately calibrated 
systems (Radiometer, Copenhagen). The pH electrode 
was calibrated by means of standard buffers, and the 
O, and CO, electrodes with gas mixtures, the con- 
centrations of which had been measured with a 
modified Lloyd-Haldane apparatus. O, and CO, 
tensions, and pH, were corrected for any temperature 
difference between the animals’ mid-oesphageal 
temperature and the electrode temperature (usually 
37.2°C), by means of the blood gas calculator 
described by Severinghaus (1966). Arterial lactate and 
glucose were measured as described previously 
(Parratt & Sturgess, 1974). 

After a period of stabilization, the cats were given 
E. coli endotoxin (Difco Laboratories 055:B5) 
suspended in 0.9% w/v sodium chloride solution 
(saline), and administered slowly by intravenous 
injection in a dose of 2 mg/kg. This dose kills 92% of 
the animals within 6h (Parratt & Sturgess, 
unpublished results). Three groups, each of five cats, 
were administered sodium flurbiprofen, in doses of 
100 pg/kg, 250 pg/kg, and i mg/kg respectively, 
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Figure 1 The effects of E. coli endotoxin (2 mg/kg) 
on pulmonary arterial and intratracheal pressures in 
the cat. The Initial response to endotoxin consisted of 
marked pulmonary hypertension, and an increase in 
intratracheal pressure at a constant volume lung 
Inflation (l.e. a decreased compliance). Values are 
means, vertical lines show s.e. means. 


30 min before the endotoxin; the responses were 
compared with those of a group of eight cats given 
endotoxin alone. Measurements were made of the 
haemodynamic and metabolic parameters until either 
the animals died, or the experiments were terminated 
6 h post-endotoxin. 


Results 


Responses to E. coli endotoxin 


Within 30s of the completion of the injection, and 
often whilst it was still in progress, pulmonary artery 
pressure rose, attaining a maximum after 3—5 min 
(Figure 1). Thereafter, pulmonary artery pressure 
tended to return slowly towards normal, although it 
remained slightly, but significantly, elevated up to 2h 
after endotoxin administration. The rise in pulmonary 
pressure preceded by a few seconds a parallel increase 
in intratracheal pressure (Figure 1). The maximum, 
however, occurred somewhat earlier than that of the 
pulmonary pressure; expressing intratracheal pressure 
as’ a percentage of the pre-endotoxin value, it was 
199+23% 2min after endotoxin, and 172+21% 
4min afterwards. Endotoxin greatly reduced 
pulmonary dynamic compliance (as assessed 30 and 
60 min after the injection from curves relating intra- 
tracheal pressure to respiratory stroke volume) and 
this is illustrated in Figure2. These pulmonary 
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Figure 2 (a) Pulmonary compliance curves before 


(0), and 30 and 60 min after, the administration of 
endotoxin. Each curve is the mean of from 3 to 5 
experiments in differant animals. An increase in in- 
tratracheal pressure at given fixed respiratory stroke 
volumes indicates a reduction tn pulmonary 
compliance. {b} The effect of endotoxin in 5 cats pre- 
treated with sodium flurblprofen (100 ug/kg); the 
endotoxln-induced reduction in compliance Is almost 
completely prevented. 


changes also affected gas exchange; during the initial 
hour following endotoxin administration the systemic 
arterial PO, was reduced by 22+5.7 mmHg. 

Beginning a few seconds after the start of the rise in 
pulmonary artery pressure, and usually after that of 
the intratracheal pressure, carotid artery pressure fell 
rapidly, often to levels below 50 mmHg. This was only 
a transient effect, much shorter in duration than that 
on the pulmonary circulation. Carotid artery dP/dt 
max showed a similar transient decrease. Heart rate 
decreased with the fall in systemic arterial pressure, 
and ventricular extrasystoles were observed in a 
number of experiments. These parameters returned to 
control values within 3—4 min, but there was a decline 
in cardiac output and in systemic pressure over the 
next 3—5 h, results similar to those described in detail 
in a previous publication (Parratt & Sturgess, 1974). 
- Endotoxin administration resulted in a substantial 
metabolic acidosis, the arterial pH falling from a pre- 
endotoxin value of 7.532+0.035 to 7.246 + 0.034 at 
1h (P <0.001), to 7.135 + 0.056 at 2 h (P< 0.001) and 
7.140+0.082 at 3h (P<0.001). This was associated 
with a two- to eight-fold increase in arterial blood 
lactate concentrations; eg. 5.4+0.5 mg/100 ml 
pre-endotoxin, to 39.7+4.6 mg/100 ml at 2 hours. 
Blood glucose progressively declined after endo- 
toxin administration (115+11 mg/100 ml control; 
97+20 mg/100 ml at 2 h (NS) and 59+ 
21 mg/100 mi (P< 0.005) at 3 hours). 


Direct effects of sodium flurbiprofen 


Sodium flurbiprofen (0.1, 0.25, and 1.0 mg/kg) had no 
significant effect on systemic arterial pressure and 
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Figure 3 Modification by pretreatment with sodium 
flurbiprofen (100 pg/kg on the left and 250 pg/kg on 
the right) of the responses to endotoxin (at the 
arrow). There !s an almost complete abolition of the 
pulmonary effects (compare endotoxin-alone res- 
ponses in Figure 1). 


dP/dt max, pulmonary artery pressure, heart rate, 
cardiac output, intratracheal pressure or lung 
compliance. Flurbiprofen was also without a 
significant effect on arterial lactate, glucose, pH, or 
Po. These results are in contrast to those previously 
obtained with indomethacin (Parratt & Sturgess, 
1974), which caused substantial reductions in 
systemic and pulmonary artery blood pressures, and 
in cardiac output over a 30 min period. 


The effects of sodium flurbiprofen on the responses to 
endotoxin 


The acute response to endotoxin was markedly 
reduced by all three doses of sodium flurbiprofen. 
There were only transient decreases of carotid artery 
pressure and dP/dt, which were much less than in 
those animals given endotoxin alone. The pulmonary 
responses to endotoxin were almost completely 
abolished, even with a dose of sodium flurbiprofen as 
low as 100 pg/kg (Figure 3). For example, in the 
endotoxin control animals, mcreases in pulmonary 
artery pressure of 20—30 mmHg were observed, whilst 
in those given flurbiprofen before the endotoxin, the 
changes were usually less than 5 mmHg. The 
reduction in pulmonary dynamic compliance, which is 
a characteristic of the feline response to endotoxin, 
was abolished by pretreatment with sodium 
flurbiprofen (Figure 2) and there was no reduction in 
arterial Po, (Table 1). 


550 J.R. PARRATT & R.M. STURGESS 


Although flurbiprofen greatly reduced the initial 
response of cats to endotoxin, it had little significant 
effect on the secondary, delayed, shock phase 
(characterized in this species by systemic hypo- 
tension, decreased cardiac output and a pronounced 
metabolic acidosis; Parratt, 1973; Parratt & Sturgess, 
1974). In the control group the carotid blood pressure 
had falen from 118+8mmHg (systolic) and 
89+9mmHg (diastolic) to 894+2mmHg and 
49+ 10 mmHg 3h after endotoxin (P <0.01) and the 
heart rate had increased from 201+ 16 beats/min to 
233+4 beats/minute. The corresponding values 3h 
after endotoxin in the flurbiprofen group (1.0 mg/kg) 
were 85+15 mmHg, 57+15mmHg and 199+22 
beats/minute. However, there was some evidence that 
the metabolic deterioration induced by endotoxin was 
slightly delayed in the cats given this dose of 
flurbiprofen (Table 1). Thus at 1h the pH in the 
endotoxin-alone group was 7.246 + 0.034 (lactate level 
24.2+2.2 mg/100 ml) compared with 7.397+ 0.066 
(lactate level 13.1+3.3 mg/100 ml) in the flurbiprofen 
group (P<0.01). At 3h there was no significant 
difference between the two groups and flurbiprofen did 
not improve survival rate assessed at 4h or 6 hours. 
Endotoxin-induced hypoglycaemia which has recently 
been correlated with lethality in endotoxin shock 
(Hinshaw, Benjamin, Coalson, Elkins, Taylor, Price, 
Smith & Greenfield, 1975) was unaffected by pre- 
treatment with flurbiprofen (Table 1). 


Discussion 


In the cat the acute administration of E. coli endotoxin 
results in marked pulmonary hypertension (Parratt, 
1973 and Figure 1 of the present paper) and this has 
now been shown to be accompanied by a considerable 
increase in intratracheal pressure at a fixed respiratory 
volume (Figure 1). A study of the relationship between 
intratracheal pressure and respiratory volume 30 min 
after endotoxin administration (when the end- 
inspiratory intratracheal pressure was still nearly 
150% of control) clearly showed reductions in lung 
dynamic compliance (Figure 2). There was obvious 
respiratory distress and pulmonary oedema. This 
resulted in a decrease in systemic arterial PO, even at 
l h after endotoxin when pulmonary arterial and intra- 
tracheal pressures were only slightly, though 
significantly, elevated. There is some evidence that 
these pulmonary changes are mediated partly through 
the release of a prostaglandin (Parratt & Sturgess, 
1975a). Flurbiprofen reduced these endotoxin-induced 
pulmonary changes in doses as low as 100 ug/kg 
(Figure 3). This makes the drug several hundred times 
more active than indomethacin (Parratt & Sturgess, 
1974) and about ten times more active than sodium 
meclofenamate (Parratt & Sturgess, 1975b) in this 
experimental model. This is in line with the results of 
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other tests (anti-inflammatory, analgesic and anti- 
pyretic; Adams et al, 1975). Furthermore, the 
protection afforded against the endotoxin-induced 
pulmonary changes was obtained with doses that had 
no depressant effects on the cardiovascular system. 
There appear to be two, possibly related, explanations 
for this protective effect; inhibition of prostaglandin 
synthetase (and hence prevention of the synthesis and 
release of a pulmonary constrictor prostaglandin) and 
prevention of endotoxin-induced platelet aggregation. 
It is of interest in this connection that the activity of 
flurbiprofen in inhibiting collagen-induced platelet 
aggregation (Nishizawa et al., 1973) approaches that 
of prostaglandin E,, the most potent known inhibitor of 
platelet aggregation. 

Despite the protection afforded by flurbiprofen in 
the initial (pulmonary) phase of endotoxin shock, there 
appeared to be little modification of the secondary 
shock phase, apart from a delay in the appearance of 
the metabolic consequences of endotoxaemia 
(Table 1). Flurbiprofen did not prevent the onset of the 
metabolic acidosis nor the pronounced hypo- 
glycaemia, which has been shown by Hinshaw’s group 
to be a relatively early event in the shock process and 
which is correlated with the progressive development 
of the irreversible state (Hinshaw et al., 1975). When 
administered before endotoxin, flurbiprofen clearly 
had no effect on the severity or development of the 
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delayed shock process. A point of difference with 
results obtained with indomethacin (Parratt & 
Sturgess, 1974) and with sodium meclofenamate 
(Parratt & Sturgess, 1975c) was the absence of any 
sustained rise in blood pressure following the 
administration of endotoxin, an effect ascribed to 
inhibition of prostaglandin synthetase. 

Although pulmonary changes are often marked in 
patients with septic shock (reduction in lung 
compliance and increase in pulmonary resistance) we 
know of no pathological studies of the lesions that 
result from endotoxin administration in the cat. Such a 
comparative study of the pulmonary lesions in 
experimental endotoxin shock and in septic shock 
patients has recently been started (Clements, Parratt 
& Rodger, unpublished). Clearly, if the lesions are 
similar and have a common pathogenesis (active 
airway constriction by a prostaglandin Foq-like 
mediator or mechanical obstruction with aggregating 
platelets) there is a case for an investigation of 
flurbiprofen as an adjunct to the therapy of septic 
shock. 
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MYOCARDIAL UPTAKE OF DIGOXIN 


IN CHRONICALLY DIGITALIZED DOGS 


EVA STEINESS & N. VALENTIN 


Medical Department B, Surgical Department R, Division of Cardiac Surgery, Rigshospitalet and 
Department of Pharmacology, University of Copenhagen, Denmark 


I The time course of myocardial uptake of digoxin, increase in contractility and changes in 
myocardial potassium concentration was studied for 90 min following an intravenous digoxin dose to 
long-term digitalized dogs. 

2 Nineteen dogs were investigated by the use of a biopsy technique which allowed sampling before 
and after administration of digoxin. 

3 Ten minutes after administration of digoxin the myocardial concentration increased from 60 to 
306 nmol/kg tissue; the myocardial concentration of digoxin was significantly lower (250 nmol/kg 
tissue) after 30 min and then increased again. 

4 The transmural myocardial distribution of digoxin was uniform before and 90min after 
administration of digoxin in long-term digitalized dogs but at 10 min after administration, both the sub- 
epicardial and the subendocardial concentration of digoxin were significantly lower than that of the 
mesocardial layer. 

5 During the first 10 min the dp/dt,,, increased to 135% of the control level. The increase remained 
unchanged during the rest of the study. 


6 Myocardial potassium decreased throughout the study. 


7 The M-configuration of the myocardial uptake curve and the non-uniformity of myocardial 
distribution of digoxin observed at 10 min after administrating digoxin to long-term digitalized dogs 
indicate that the distribution of myocardial blood flow may be changed during chronic digitalization. 


Introduction 


Studies of the myocardial uptake of digoxin in dogs 
with intact circulation have demonstrated a very fast 
myocardial uptake of digoxin and an initial cor- 
respondence between the myocardial digoxin 
concentration and the positive inotropic effect 
(Doherty & Perkins, 1966; Goldman, Deutscher, 
Schweizer & Harrison, 1972; Deutscher, Harrison & 


Goldman, 1972; Steiness & Valentin, 1976). In. 


previous work it was indicated that the positive 
inotropic effect is secondary to changes in the in- 
tracellular concentrations of sodium and potassium 
induced by digitalis (Langer, 1972). 

On the other hand, both in vitro and in vivo studies 
have demonstrated digitalis-induced positive inotropic 
effect without simultaneous inhibition of the Na-K 
membrane ATPase (Klaus, Kuschinsky & Lallmann, 
1961; Grupp & Charles, 1964; Lillmann & Ravens, 
1973; Okita, Richardson & Roth-Schechter, 1973; 
Steiness & Valentin, 1976). These observations, 
therefore, suggested the existence of at least two 
different myocardial receptor sites for digitalis. One of 


these, localized on the cell membrane, is responsible 
for the inhibition of the Na-K membrane ATPase 
(Schwartz, Matsui & Laughter, 1968). The 
localization of the other receptor is unknown, but 
could be correlated to the liberation and the rebinding 
of ionized calcium during the contractile cycle and 
thus be responsible for the positive inotropic effect. 

These problems have been investigated in animals 
without previous long-term digitalization. The purpose 
of the present study was to see whether long-term 
treatment with digoxin influences the rate of the 
myocardial digoxin uptake, the digoxin-induced 
positive inotropic effect and the digoxin-induced 
myocardial loss of potassium produced by 
intravenous digoxin. 


Methods 


Nineteen dogs, ranging in weight from 17.5 to 26 kg 
(median 21 kg), were studied. Eleven of the dogs 
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received 0.25 mg digoxin twice daily during the last 8 
days before the study. The last dose was given not 
later than 12h before the study to ensure an 
equilibrium between the plasma concentration of 
digoxin and the myocardium (steady state). These 
dogs were divided into two groups. Group I: In eight 
dogs series of myocardial biopsies were taken before 
and after an intravenous dose of digoxin (0.05 mg/kg 
body weight). Group 2: In three dogs myocardial 
biopsies were only taken before and 90 min after 
administration of digoxin; this group served as control 
for the haemodynamic parameters. Further, in two 
dogs (Group 3) without previous long-term digitaliza- 
tion and in three dogs (Group 4) pretreated with 
digoxin as previously described transmural biopsies 
were taken from the left ventricular wall 10 min after 
an intravenous dose of digoxin. Group 5 comprised 
three chronically digitalized dogs from which 
transmural biopsies were taken 90min after 
administration of digoxin. All the dogs received a 
normal diet and no medication apart from digoxin was 
given. Four of the animals, those with the highest 
plasma concentrations of digoxin, lost their appetite 
after five to six days of digitalization, but no vomiting 
or diarrhoea was observed. No electrocardiographic 
sign of digitalis toxicity was found. 


Experimental procedure 


Anaesthesia was induced with narcobarbitone 
(Narcodorm) and following tubocurarine and 
pethidine, orotracheal intubation was performed and a 
respirator connected. Anaesthesia and relaxation 
were maintained with pethidine, tubocurarine, and 
N,0/O., 3 + 1.5 litres/min in a to-and-fro system. 

Left-sided thoracotomy was performed and the left 
atrium was catheterized through the left auricle. 
Retrograde catheterization of the left ventricle was 
performed from the left femoral artery. In three dogs 
the aorta was catheterized instead of the left atrium. 
Atrial and left ventricular or aortic pressures were 
measured by Elema Schonander transducers (type 
EMT 35). The pressures and a standard limb lead of 
the ECG were recorded simultaneously. The first 
derivative of the ventricular pressure curve, ie. left 
ventricular dp/dímax, was obtained by means of an 
R/C differentiating unit. 

When haemodynamic stability was established, 
pethidine and tubocurarine were discontinued and 
halothane was added to the anaesthetic mixture in a 
concentration of about 0.7%, sufficient to reduce the 
dp/dt max by about 25-50%. Sixty minutes were 
allowed for stabilization at this level before the 
intravenous administration of 0.05 mg digoxin/kg 
body weight. This digoxin dose is known to cause a 
positive inotropic effect but no toxic symptoms in 
dogs without previous long-term  digitalization 
(Steiness & Valentin, 1976). 


Blood samples 


Weparinized arterial blood was drawn for 
measurement of plasma concentrations of digoxin, 
potassium, and sodium just before and 5, 10, 15,'20, 
30, 45, 60, 75, and 90min after, the intravenous 
injection of digoxin. Arterial Po,, PCO,, and pH were 
measured before and 10, 30, 60, and 90 min after 
administration of digoxin in Group 1. 


Biopsies 


In Groups I and 2 biopsy specimens weighing 
200—400 mg were taken from the left ventricular wall, 
about one quarter to one third of the walls thickness, 
IS min before the intravenous administration of 
digoxin. In Group 1 myocardial biopsies were again 
taken after 10, 30, 60, and 90 minutes. In Group 2 an 
additional biopsy was taken after 90 min only. 

Transroural biopsy specimens were taken from two 
different parts of the left ventricle of the animals in 
Groups 3, 4, and 5, Each of these specimens was 
divided into three layers of the wall, ie. the sub- 
endocardial, the mesocardial, and the subepicardial. 

Any blood loss, including sampling, was replaced 
with an electrolyte containing plasma expander 
(Haemaccel), and water loss with isotonic glucose. 

All animals were killed at the end of the experiment. 


Analytical procedure 


Plasma and myocardial concentrations of digoxin 
were measured in duplicate by radioimmunoassay as 
previously described (Steiness, 1974; Steiness & 
Valentin, 1976). The sensitivity of the method is 
0.25 nmol/l plasma and 10nmol/kg tissue; the 
precision is 0.06 nmol/l plasma and 5 nmol/kg tissue. 
The small size of the single myocardial biopsy 
specimens did not allow measurements of digoxin in 
subcellular fractions. 

Plasma potassium and sodium were determined in 
duplicate by flame-photometry. Tissue potassium was 
determined in triplicate according to Valentin & 
Olesen (1973) and expressed in mmol/kg fat-free 
solids. 

Blood gases and pH were measured with a 
Radiometer. 


Statistics 


All the statistical tests used were non-parametric and 
based on the ranking of results. The Wilcoxon test for 
paired data was used for the determination of 
Statistical significance. For comparison between 
different groups, the Wilcoxon test for non-paired data 
was used. When more than two sets of data from the 
same group were compared, the Friedman two-way 
analysis of variance was used (for methods see Geigy 
Scientific Tables, 1970). 
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Results 


As shown in Table 1 there was no correlation between 
the digoxin concentration in the plasma and in the 
myocardium at steady state. 

After the intravenous administration of digoxin, 
a rapid increase of plasma digoxin concentration was 
followed by a gradual decrease (Figure 1). The 
myocardial digoxin concentration increased sig- 
ficantly and 10 min after the injection it was four 
to five times higher than the steady state level 
(P<0.01) (Table 1, Group 1). Later the myocardial 
digoxin concentration decreased, and after 30 min it 
was significantly lower than the 10min value 
(P <0.02) but still significantly higher than the initial 
level (P<0.01). This decrease was followed by a 
secondary increase (P < 0.02) and the 10 min level was 
reached about 60 min after the digoxin administration. 
Between 60 and 90min a minor decrease in 
myocardial digoxin concentration was observed. The 
myocardial digoxin concentrations before and 90 min 
after digoxin administration in Group 2 were within the 
ranges of those observed in Group 1 (Table 1). 

In dogs without previous long-term digitalization 
the digoxin concentrations found in the subepicardial, 
subendocardial and mesocardial layers 10 min after 
intravenous administration of 0.05 mg digoxin/kg 
body weight did not differ significantly from one 
another (Table 2, Group 3). Similar results were 
observed 90 min after digoxin administration in 
the chronically digitalized dogs (Table 2, Group 5). 
However, in the chronically digitalized dogs the 
digoxin concentrations found in the mesocardial layers 
of the myocardium after 10min were significantly 
higher than in the other layers (P < 0.05). 
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Steady state plasma digoxin concentrations and myocardial concentrations of digoxin before and 


after intravenous administration of digoxin to chronlcally digitalized dogs. (Figures in parentheses are ug/ 


plasma or ug/kg tissue) 


Myocardial digoxin in nmol/kg (or yg/kg) 


36 


Plasma digoxin In 
Dog no. nmol/l for g/l} 
0 
Group 1 1 1.4 (1.1) 56 (44) 
2 1.2 (0.9) 78 (81) 
3 0.6 {0.5} 149 (117) 
4 1.8 (1.4) 13 (10) 
5 2.3 (1.8) 40 (31) 
6 0.8 (0.8) 33 (28) 
7 0.6 (0.5) 137 (107) 
8 1.4 (1.1) 66 (52) 
Median 1.3 (1.0) 60 (47) 
Group 2 g 2.6 (2.0) 96 (75) 
10 1.7 (1.3) 49 (38) 
11 2.3 (1.8) 136 (106) 


Minutes after digoxin 
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Electrolytes 


Only minor changes in plasma concentrations of 
potassium and sodium were observed. The myocardial 
concentration of potassium decreased rapidly after 
digoxin administration (Table 3, Group 1) and after 
30 min was significantly lower than the initial content 
(P <0.02). The decrease of the myocardial potassium 
concentration continued, although not significantly, 
during the remaining part of the study. 


Haemodynamics 


The contractility, dp/dímax, increased within a few 
minutes after the administration of digoxin. Ten 
minutes after the administration, dp/dtma, had 
increased by a mean of 35% (Table 4). After repeated 
biopsy sampling in Group1 some reduction in 
dp/dtmax was seen. By contrast, the control animals of 
Group 2 which were biopsied only at 0 and 90 min 
maintained steady dp/dfmax (Table 4). Other 


Table 2 The transmural myocardial content of digoxin (nmol/kg tissue and in parentheses pg/kg tissue) 10 or 
90 min after an Intravenous dose of 0.05 mg digoxin/kg body welght 


Treatment Group 10 min after digoxin 90 min after digoxin 
Subepl- Meso- Subendo- Subepi- Meso- Subendo- 
cardial cardial cardial cardial cardial cardial 
No long-term 3 289 265 322 — — — 
digitalization 322 338 321 ee — — 
260 242 275 — e — 
297 310 336 —— — — 
Median 293(229) 276(218}) 322(252) 
Chronic 4 313 378 312 m — — 
digitalization 483 710 600 — — — 
656 750 550 — — — 
362 486 403 — — — 
439 562 467 —- — — 
Median 439(344)* 562(441) 467(368)* 
Chronic 5 — — —— 439 455 488 
digitalization — — — 420 443 467 
— — — 151 184 135 
— — — 170 169 184 
— m — 512 493 580 
Median 420{329}) 443(347) 467(366) 
*P<0.05. 


Table 3 Myocardial concentration of potassium (mol/kg fat free tissue) before and after an intravenous 


digoxin dose given to chronically digitalized dogs (n=8) 


0 10 
Median 369 354 
Range 336-381 291-390 


*P<0.02;** P<0.01. 


Minutes after digoxin 
30 60 30 
350* 348* 328* 
299—378 310-379 301-377 


body weight to - 


Table 4 Left ventricular contractility (dp/dt max) before and after Intravenous administration of digoxin 0.05 mg/kg 
chronically digitalized dogs (% of initial value) 


Minutes after digoxin 


15 20 30 45 60 75 90 


10 


Group 


117** 135** 115 110 120 120 118 118 118 
5-55 5-100 0-75 0-90 5-90 O-110 0-100 0-100 0-100 


Median 100 
Range 


dp/dt max 
8) % change 


1 


(n 


120 122 125 125 119 125 125 130 


119 


Dog 9 100 


dp/dt max 


dp/dt max 


2 


120 120 125 124 130 130 


Dog 11 100 


dp/dt max 


"= P<0.01. 
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haemodynamic parameters, left ventricular systolic 
and end-diastolic pressures and ventricular rate, 
remained unchanged, and the ECG demonstrated 
sinus rhythm during the study. No change in pH, Po, 
and PCO, was observed. 


Discussion 


Since it became possible to measure plasma 
concentrations of digoxin (Smith, Butler & Haber, 
1969), many investigations have revealed fairly good 
correlation between the steady state digoxin con- 
centration in plasma and its therapeutic effect 
(Chamberlain, White, Howard & Smith, 1970; Beller, 
Smith, Abelmann, Haber & Hood, 1971; Evered & 
Chapman, 1971; Bertler, Gustafson, Ohlin, Monti & 
Redfors, 1973). Therefore, it has been argued that the 
plasma digoxin concentration is related to the 
myocardial digoxin concentration. Indeed Coltart, 
Howard & Chamberlain (1972) and Redfors, Bertler 
& Schuller (1973) found correlation between the con- 
centration of digoxin in plasma and atrial tissue in 
man. On the other hand, it has been difficult to’ 
demonstrate a similar correlation between the digitalis 
concentration in plasma and in the ventricle, possibly 
because of a varying degree of fibrosis in the human 
material (Storstein, 1973; Coltart, Gullner, 
Billingham, Goldman, Stinson, Kalman & Harrison, 
1974). Nevertheless, no correlation between the 
plasma and the left ventricular concentration of 
digoxin was found in the present study of non-fibrotic 
dog hearts (Table 1). 

Recent studies suggested the existence of at least 
two different myocardial receptor sites for digoxin 
(Okita et al., 1973; Steiness & Valentin, 1976). The 
supposition is made that by measuring the decrease in 
myocardial potassium content as a term of the 
inhibition of the Na-K APTase, the binding of digoxin 
to one of these kind of receptors can be estimated 
from the effect of the binding. Binding to the 
‘inotropic’ receptor might similarly be estimated from 
the development of the positive inotropic effect 
(dp/dtmax) (Klaus et al., 1961; Grupp & Charles, 
1964; Okita, Richardson, Roth-Schechter & Thomas, 
1969; Roth-Schechter, Okita, Thomas & Richardson, 
1970; Lillmann & Ravens, 1973; Okita et al., 1973; 
Stemess & Valentin, 1976). It was not possible, 
however, to evaluate the digoxin bound to the 
‘inotropic’ receptor at steady state. Our technique for 
measurement of contractility (dp/dfmax) did not permit 
comparison between the absolute values of dp/dtmax 
from one series to another, but allowed only the 
following of changes of dp/dfmax in the same animal 
during the study. 

The myocardial uptake of digoxin after intravenous 
digoxin in dogs without long-term digitalization was 
recently demonstrated to be very fast initially and to 


658 EVA STEINESS & N. VALENTIN 


320 


È 


Myocardial digoxin 
(nmol/kg tissue) 
ò 3 8 BS È 


ESEEEERE] PEELEN AINETEL IAA EAA CAEN AA EE) | 


Q 

: 40 

5 

Q 

5 

<j OE i an eb aemm 
E 9-20 
e 7} 
Re 0 
a È- 
OT 
P &-40 

oy 
ls a 
< 5 10 30 60 SO 
J = Time (min) 


Figure 2 The myocardial concentrations of digoxin 
{median), the Inotropic effect (median), and the 
myocardial potassium content (median) at intervals 
after an intravenous digoxin dose (0.05 mg/kg body 
weight) In chronteally digitalized dogs (O} and In dogs 
without previous long-term digitallzation (Wi); 
(Steiness & Valentin, 1976). 


continue for 60 min (Figure 2 and Steiness & Valentin, 
1976). Chronically digitalized dogs also had a very 
rapid initial uptake of digoxin in the myocardium but 
the subsequent shape of the uptake curves differed 
significantly (Figure 2). This difference could be due to 
a change of the digoxin affinity for one or both of the 
digoxin receptor sites. However, the positive inotropic 
effect, which is postulated to express the amount of 
digoxin bound to the ‘inotropic’ receptor, was quite 
similar to that produced by the same intravenous dose 
of digoxin in dogs without previous long-term 
digitalization (Figure 2). If this receptor had a changed 
affinity for digoxin, a parallel change in the inotropic 
response would be expected. It is therefore suggested 
that the ‘inotropic’ receptor has an unchanged affinity 
for digoxin after long-term digitalization with the 
doses given in the present investigation. 


The affinity of digoxin to the Na-K APTase 
correlated receptor was also unchanged. As seen from 
Figure 2 the loss of myocardial potassium per unit 
time in the chronically digitalized dogs was equal to 
that in non-digitalized dogs, except during the first 
10 minutes. 

The loss of myocardial potassium following 
intravenous digoxin in non-digitalized dogs begins 
after about 15 min (Steiness & Valentin, 1976). This 
was interpreted as a slow binding of digoxin to the Na- 
K ATPase correlated receptor. In chronically 
digitalized dogs, however, the myocardial content of 
potassium under steady state conditions was not 
appreciably lower than in dogs without previous long- 
term digitalization (Steiness & Valentin, 1976). An 
additional increase of the digoxin receptor concentra- 
tion must, therefore, produce further inhibition of the 
ATPase with a decrease of the myocardial content of 
potassium within 10 minutes. 

The significant change in myocardial uptake of 
digoxin (Table 1 and Figure 2) may therefore be due 
to changes in the myocardial distribution of non- 
specifically bound digoxin rather than to changes in 
the digoxin uptake by one of the specific receptor sites. 
The myocardial biopsies in Group 1 were taken from 
the surface of the ventricular wall and were about one 
quarter to one third of the walls thickness. The biopsy 
involved the subepicardial layer and different amounts 
of the mesocardial layer of the ventricular wall. To 
elucidate the hypothesis that the myocardial 
distribution of digoxin is changed in chronically 
digitalized dogs, the transmural distribution of digoxin 
in the myocardium was investigated. Uniform 
concentrations of digoxin were found in different 
layers of the left ventricular wall 10 min after the 
intravenous administration of digoxin to non- 
digitalized dogs. On the other hand, in the chronically 
digitalized dogs both the subendocardial and the 
subepicardial concentrations were found to be 
significantly lower than the mesocardial concentra- 
tion at 10min but not at 90min after digoxin 
administration. The difference between the non- 
uniform distribution of digoxin in chronically 
digitalized dogs and the uniform distribution in dogs 
without previous long-term digitalization suggests an 
initial slower rate of digoxin uptake into the sub- 
epicardial and the subendocardial layer in chronically 
digitalized dogs, that could be due to a change in 
myocardial blood flow. Our results do not permit 
evaluation of this suggestion. 


This work was supported by grants from Fonden ti 
Laegevidenskabens Fremme, Statens Laegevidenskabelige 
Forskningsråd and Hjerteforeningen. 


MYOCARDIAL DIGOXIN UPTAKE IN DIGITALIZED DOGS = 559 


References 


BELLER, G.A., SMITH, T.W., ABELMANN, W.H., HABER, E. 
& HOOD, W.B. (1971). Digitalis intoxication. New Engl. 
J. Med., 284, 989-997. 

BERTLER, A.A., GUSTAFSON, A., OHLIN, P.. MONTI, M. & 
REDFORS, A. (1973) Digoxin intoxication and plasma 
glycoside levels. Symposium on Digitalis, p. 300, 
Gyldendal Norsk Forlag. f 

CHAMBERLAIN, D.A., WHITE, RJ, HOWARD, M.R. & 
SMITH, T.W. (1970). Plasma digoxin concentrations in 
patients with atrial fibrillation. Br. med. J., 3, 429—432. 

COLTART, J, HOWARD, M. & CHAMBERLAIN, D. (1972). 
Myocardial and skeletal muscle concentrations of 
digoxin in patients on long-term therapy. Br. med. J., 2, 
318—319. 

COLTART, J, GULLNER, H.G., BILLINGHAM, M., 
GOLDMAN, RH., STINSON, EB., KALMAN, S.M. & 
HARRISON, D.C. (1974). Physiological distribution of 
digoxin in human heart. Br. Heart J., 4, 733-736. 

DEUTSCHER, R.N., HARRISON, D.C. & GOLDMAN, R.H. 
(1972). The relation between myocardial *H-digoxin 
concentration and its hemodynamic effect. Am. J. 
Cardiol., 29, 4171—55. 

DOHERTY, J.E. & PERKINS, W.H. (1966). Tissue 
concentration and turnover of tritiated digoxin in dogs. 
Am. J. Cardiol., 17, 47-58. 

EVERED, D.C. & CHAPMAN, C. (1971). Plasma digoxin 
concentrations and digoxin toxicity in hospital patients. 
Br. Heart J., 33, 540—545. 

GEIGY SCIENTIFIC TABLES (1970). ed. Diem, K. & 
Lentner, C. Basel: J. R. Geigy, S.A. 

GOLDMAN, R.M., DEUTSCHER, R.H., SCHWEIZER, E. & 
HARRISON, D.C. (1972). Effect of a pharmacologic dose 
of digoxin on inotropy in hyper- and normokalemic 
dogs. Am. J. Physiol., 223, 1438—1444. 

GRUPP, G. & CHARLES, A. (1964). Effect of ouabain and 3- 
acetylstrophanthidin on potassium exchange in the dog 
heart in situ. J. Pharmac. exp. Ther., 143, 356-365. 

KLAUS, W., KUSCHINSKY, G. & LULLMANN, F. (1961). 
The influence of therapeutic and toxic concentrations of 
digitoxigenin on the K-flux and the ion concentrations in 
isolated guinea pig atria. Biochem. Pharmac., 8, 37-63. 

LANGER, G.A. (1972). Effects of digitalis on myocardial 
ionic exchange. Circulation, 46, 180—187. 

LULLMANN, H. & RAVENS, U. (1973). The time course of 
the changes in contractile force and in transmembrane 


potentials induced by cardiac glycosides in guinea-pig 
papillary muscle. Br. J. Pharmac., 49, 377—390. 

OKITA, G.T., RICHARDSON, F.F., ROTH-SCHECHTER, B.F. 
& THOMAS, R.E, (1969). Indirect evidence for the 
dissociation of Na~, Kt-activated ATPase inhibition 
from positive inotropic action of strophanthidin-3- 
bromacetate, Fedn. Proc., 28, 607. 

OKITA, G.T., RICHARDSON, F.F. & ROTH-SCHECHTER, 
B.F. (1973). Dissociation of the positive inotropic action 
of digitalis from inhibition of sodium- and potassium- 
activated adenosine triphosphatase. J. Pharmac. exp. 
Ther., 185, 1-11. 

REDFORS, A., BERTLER, A.A. & SCHULLER, H. (1973). 
The ratio between myocardial and plasma levels of 
digoxin in man. Symposium on Digitalis, p.265, 
Gyldendal Norsk Forlag. 

ROTH-SCHECHTER, B.F, OKITA, G.T, THOMAS, R.E. & 
RICHARDSON, F.F. (1970). On the positive inotropic 
action of alkylating bromacetates of strophanthidin and 
strophantidol-(19-H*), J. Pharmac. exp. Ther., 171, 
13-19. 

SCHWARTZ, A, MATSUI, H. & LAUGHTER, A.H. (1968). 
Tritiated digoxin binding to (Nat-Kt)-activated 
adenosine triphosphatase: Possible allosteric site. 
Science, 160, 323-325. 

SMITH, T.W., BUTLER, V.P. & HABER, E (1969). 
Determination of therapeutic and toxic serum digoxin 
concentrations by radioimmunoassay. New Enel. J. 
Med., 281, 1212-1217. 

STEINESS, E. (1974). Renal tubular secretion of digoxin. 
Circulation, 50, 103—109. 

STEINESS, E. & VALENTIN, N. (1976). Myocardial digoxin 
uptake. Dissociation between digitalis induced 
inotropism and myocardial loss of potassium. Br. J. 
Pharmac. (in press). 

STORSTEIN, L. (1973). The ratio between myocardial and 
serum levels of digitoxin. Symposium on Digitalis, 
p. 249, Gyldendal Norsk Forlag. 

VALENTIN, N. & OLSEN, K.H. (1973). Measurement of 
muscle tissue water and electrolytes. Scand. J. clin. lab. 
Invest., 32, 155—161. 


(Received March 22, 1976. 
Revised June 3, 1976.) 


Br. J. Pharmac. (1976), 58, 561—567 


STUDIES ON THE MECHANISM 
OF ACTION OF AMANTADINE 


F. BROWN & P.H. REDFERN 


School of Pharmacy and Pharmacology, University of Bath, Claverton Down, Bath BA2 7AY 


i The effect of amantadine hydrochloride on various aspects of catecholamine metabolism in the rat 


brain has been investigated. 


2 Amantadine failed to have any significant effect on brain concentrations of dopamine or 


noradrenaline even when administered daily for 9 days. 


3 Amantadine had no effect on the rate of decline of noradrenaline and dopamine concentrations 


after a-methyl-p-tyrosine. 


4 In yitro, amantadine inhibited dopamine uptake into synaptosomes only at high concentrations, 
and caused little release of dopamine from synaptosomes. 


5 There is no evidence from these results to suggest that the anti-Parkinsonian effect of amantadine is 


related to an action on dopaminergic mechanisms. 


Introduction 


It is generally believed that the anti-Parkinsonian drug 
amantadine owes its effectiveness to a central action 
on dopaminergic mechanisms. However, there is a 
lack of concensus as to the exact mechanism of action 
of the drug. Direct stimulation of dopamine receptors 
(Papeschi, 1974), blockade of neuronal uptake 
(Fletcher & Redfern, 1970; Heimans, Rand & 
Fennessy, 1972; Baldessarini, Lipinski & Chace, 
1972), catecholamine release (Scatton, Cheramy, 
Besson & Glowinski, 1970; Von Voigtlander & 
Moore, 1971; Stromberg & Svensson, 1971; Farnebo, 
Fuxe, Goldstein, Hamberger & Ungerstedt, 1971) and 
increased synthesis (Scatton et al., 1970) have all been 
suggested to be responsible. We have investigated this 
problem by examining the effect of amantadine on 
brain concentrations of catecholamines, on the 
turnover of these amines in the brain, and on the 
uptake and release of dopamine from isolated 
synaptosome preparations. A preliminary report of 
these results was presented to the British 
Pharmaceutical Conference (Brown & Redfern, 
1974), 


Methods 


Estimation of noradrenaline and dopamine con- 
centrations 


Groups of 10 male Sprague—Dawley rats weighing 
150 to 250 g received either 0.9% w/v NaCl solution 
(saline) or amantadine intraperitoneally and were 


killed 0.5, 1 or 2h after injection. The brains were 
quickly removed and homogenized in 8m! of 
0.4N HCIO, containing 0.19 Na,S,O, and 0.05% 
disodium edetate. Homogenates were washed into 
ulta-centrifuge tubes with a further 1 ml of HCIO, 
and, after centrifuging at 25,000 g for 15 min, the 
clear supernatant was carefully decanted. The 
noradrenaline and dopamine concentrations in 6 ml 
aliquots of the supernatants were assayed fluori- 
metrically after isolation on alumina (Shellenberger & 
Gordon, 1971). 


Estimation of noradrenaline and dopamine turnover 


Groups of male Sprague-Dawley rats were injected 
intraperitoneally with 250 mg/kg a-methyl-p-tyrosine 
methyl ester hydrochloride (AMPT) and brain con- 
centrations of noradrenaline and dopamine were 
estimated by the method described above in different 
groups of animals at intervals after injection. The rate 
of decline of dopamine and noradrenaline levels was 
calculated by log linear regression analysis of the 
results obtained during the 4 h after injection. 


Dopamine uptake into brain homogenates 


The method was based on that of Snyder & Coyle 
(1969). Male Sprague—Dawley rats were killed by 
decapitation and the brains quickly removed and 
placed on ice. Whole brains or discrete brain areas 
were homogenized in 0.32M sucrose adjusted to 
pH 7.0 with sodium bicarbonate. using a teflon-in- 
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glass homogenizer with 0.254 mm clearance, and the 
homogenates were centrifuged at 4°C at 1000 g for 10 
minutes. Aliquots (0.5 ml) of the synaptosome-rich 
supernatant were incubated with 4.5 ml of modified 
Krebs solution for 5 min at 37°C. After this period 
of equilibration, radioactively-labelled dopamine was 
added. The labelled dopamine bound by the 
synaptosomes was then recovered at various times 
using one of two methods: (i) 5.0 ml of incubation 
medium at 0—4°C was added to the incubation 
mixture and the tubes were centrifuged at 50,000 ¢ for 
20 minutes. The pellets were collected, washed and 
dispersed in 0.5 ml of 0.5M NaOH. Aliquots of the 
digested pellets were taken for liquid scintillation 
counting in ‘Unisolve’ (Koch-Light). (ii) 0.5 ml of the 
incubation mixture was added to 5.0 ml of cold 
incubation medium and this mixture was quickly 


passed through a millipore membrane (0.22 um pore 
size). After washing with a further 5.0 ml of cold 
medium, the filter disc was dried and placed in a 
scintillation vial. The radioactive content of the dried 
membrane was measured by liquid scintillation 
counting after shaking with 0.5 mi distilled water and 
adding 9.5 ml ‘Unisolve’. 


Dopamine release from synaptosomes 


The method was essentially the same as that used in 
the uptake experiments using millipore filters for rapid 
separation of the synaptosomes from the incubating 
medium. After a 5 min incubation the radioactive 
dopamine content of the synaptosomes reached a 
maximum. A significant decline in radioactive content 





Table 1. The effect of amantadine on dopamine and noradrenaline concentrations in rat brain 
Dopamine (ng/g +s.¢. mean] 
tg 
Time after Dose of amantadine (mg/kg i.p.) No. of rats 
amantadine {h} per group 
O 10 40 80 180 94 mg/kg per day 
0.5 787 23 791412 10, 10 
1.0 835721 806 721 10,10 
907 732 932715 10,10 
811717 790716 10,10 
866 724 788718* 10,10 
954743 958 749 8,7 
2.0 893443 979729 6,6 
776722 781728 9,9 
3.0 712 736 714724 739 442 9,8,8 
Chronic 
treatment 838 712 774730 10, 10 
Noradrenaline (ng/g + s.e. mean) 
Time after Dose of amantadine (mg/kg Lp.) No. of rats 
amantadine (h) per group 
0 10 40 80 160 94 mg/kg per day 
e 
0.5 443 722 476723 10, 10 
1.0 412718 402720 10, 10 
533723 593718 10,10 
408 + 13 4567 14* 10,10 
432 713 430713 10,10 
41678 402419 8,7 
2.0 480716 49011 6,6 
441721 i 483 F30 9,9 
3.0 422731 405 725 352 732 9,8,8 
Chronic 
treatment 421710 430716 10, 10 


*P< 0.05 





o ZO 
=< 6s 
D) D © 
— = DT p E EF 
3 p ~X x A ox 
E Æ = T 5 — TN 
© Oe & ÈE © 3B '} 
On QF rm = Q * 
500r £ 2 2? & gf 
5 822 gs F zc F 
= 400? Ë SO Bs $ Š ž 
~‘ a Sý =g ak P Bere, 
D E C an Oo @ 
£ 30 ¢ Ec č- Ù = 
9 PSN <5 TF A 
"= 200 Ah, Ey 
100 Yi GY 
nV 
tLALA! ZG 
Figure 1 Dopamine concentrations in rat brain 4h 


after a-methyl-p-tyrosine (AMPT, 250 mg/kg i.p.). 
Open columns=AMPT alone; hatched columns 
—=AMPT + drug. Vertical bars show s.e. means. Drugs 
were generally administered at the same time as 
AMPT. Apomorphine was given in two doses, one 
with the AMPT and one 2 h later. 

Differences from corresponding controls: **P <0.01; 
###P < 0.001. 


following the addition of drugs to the incubation 
mixture at this point was taken to indicate release of 
previously-bound radioactive dopamine from the syn- 
aptosomes. 


Drugs 


The following drugs were donated: amantadine 
hydrochloride (Geigy Pharmaceuticals Ltd.), 
rimantadine hydrochloride (E.T. Du Pont de Nemours 
and Co. Ltd.), piribedil methane sulphonate (Servier 
Laboratories Ltd.), apomorphine hydrochloride 
(Macfarlan Smith Ltd.), haloperidol (G.D. Searle and 
Co. Ltd.) and pimozide (Janssen Pharmaceuticals). 
(+)-Amphetamine sulphate and a-methyl-p-tyrosine 
methylester hydrochloride were obtained from Sigma 
London Chemical Co. Ltd. 


Results 


Table 1 shows the concentrations of noradrenaline 
and dopamine in the rat brain after various doses of 
amantadine. It can be seen that in only one experiment 
was there any significant change in amine levels. After 
80 mg/kg amantadine, dopamine concentrations were 
decreased while noradrenaline concentrations were 
increased. Both these changes were just significant at 
the 95% level, and were not seen when the experiment 
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Figure 2 Noradrenaline concentrations in rat brain 
4 h after a-methyl-p-tyrosine (AMPT 250 mg/kg I.pJ- 
Open columns=AMPT alone; hatched columns 
=: AMPT +drug. Vertical bars show s.e. means. The 
times of drug administration were the same as in 
Figure 1. 

Differences from corresponding controls: *P< 0.05; 
*P<0.01; ***#P<0.001. 


was repeated. Even when rats were treated for 9 days 
with amantadine (administered in the drinking water in 
an approximate daily dose of 94 mg/kg) dopamine 
and noradrenaline levels were not significantly altered. 

Figures 1 and 2 respectively show the effect of 
drugs on the rate of decline of dopamine and 
noradrenaline concentrations after AMPT. It can be 
seen that drugs which are bélieved to exert a direct 
action on dopamine receptors had a significant effect 
on dopamine turnover. For instance the dopamine 
antagonist pimozide, 1 mg/kg, injected 30 min before 
AMPT significantly increased the rate of decline of 
dopamine concentrations (P <0.001), while there was 
no change in noradrenaline concentrations. 
Haloperidol, | mg/kg, had a similar effect. Conversely 
when dopamine receptor stimulants such as piribedil 
25 mg/kg and apomorphine 2x2 mg/kg were 
administered, the consequent inhibition of dopamine 
release produced an equally significant reduction in 
the rate of decline in dopamine concentration. 

As can be seen from Figure 1, amantadine 
(80 mg/kg ip.) produced no measurable change in 
dopamine turnover whether administered 
simultaneously with the AMPT or 2h or 3h 
afterwards. -A slight but statistically significant 
(P <0.01) fall in noradrenaline levels was observed 
when amantadine (80 mg/kg) was administered. 2 h 
after AMPT, but not when the same dose was given 
either at the same time as the AMPT or 3 h afterwards 
(Figure 2). 
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Figure 3 Direct linear plots (Eisenthal & Cornish- 
Bowden, 1974) of dopamine uptake into 
synaptosomes prepared from rat corpus striatum: (a) 
competitive Inhibition produced by (+)- 
amphetamine: (b) non-competitive Inhibition 
produced by amantadine. Each line Is the mean of 3 
separate determinations at one substrate concentra- 
tlon. 


Effects of amantadine in vitro 


The effect of amantadine on dopamine uptake into 
synaptosomes, displayed according to the method of 
Eisentahl & Cornish-Bowden (1974) is compared to 
that of (+}amphetamine and of rimatadine in Figure 
3. Both amantadine and rimantadine, a close analogue 
of amantadine lacking clinically useful anti- 
Parkinsonian properties, are shown to be relatively 
weak noncompetitive inhibitors of dopamine uptake, 
with Ki values of 125 uM and 69.9 uM respectively. 
Amphetamine was a relatively potent competitive 
inhibitor, with a Ki of 1.94 uM. 

In spite of considerable differences in control figures 
for dopamine uptake in different brain regions, 
especially between those of the striatum and other 
areas, amantadine caused a similar inhibitory effect, 
relative to controls, in all areas. Amantadine also 
failed to show any selective effect against dopamine 


100 


Drug addition 


[°H]-dopamine content (% max) 


Time (min) 


Figure 4 Effect of drugs on release of radioactive 
dopamine from synaptosomes prepared from rat 
corpus striatum: (@) control; (I) amantadine 100 um; 
(O) pirlbedii 100pm; (O) ouabain 100um; (a) 
tyramine 10 uM. 


uptake compared to uptake of either noradrenaline or 
5-hydroxytryptamine. Finally, pretreatment of rats 
with amantadine (50 mg/kgi.p.) Ih before 
preparation of homogenates did not result in any 
significant inhibition of dopamine uptake as compared 
to saline pretreated controls. 

[7H]-dopamine uptake into striatal homogenates 
reached a maximum after about 5 min incubation. 
Thereafter there was a gradual decline. Figure 4 shows 
the effect of adding various drugs to the incubation 
mixture after 5 min incubation. It can be seen that 
neither amantadine 100M nor piribedil 100 uM 
produced any marked decline in [%H]-dopamine 
content, when compared to the effect of tyramine 
10 uM. Indeed, the decline in [H]-dopamine content 
produced by ouabain 100 uM was more marked than 
that due to amantadine or piribedil. 


Discussion 


Despite the numerous reports of the clinical efficacy 
of amantadine in Parkinson’s disease, the mode of 
action of the drug remains unclear. Since the drug has 
minimal antimuscarinic properties (Vernier, Harman, 
Stump, Lynes, Marvel & Smith, 1969), some action 
on dopaminergic mechanisms seems most likely to 
account for its clinical action, yet no consistent 
evidence as to the exact nature of this action exists. 
For instance, various workers have used a variety of 
methods to estimate brain amines in the rat after 
amantadine treatment. Baldessarini et al. (1972) 
reported a fall in dopamine levels, while Stromberg & 
Svensson (1971), Abuzzahab (1971), Bak, Hassler, 


Kim & Kataoka (1972), Maj, Sowinska & Baran 
(1972) and Papeschi (1974) all reported unchanged 
dopamine levels. Similarly while Baldessarini et ai. 
(1972) and Stromberg & Svensson (1971) found 
decreased concentrations of noradrenaline after 
amantadine, Abuzzahab (1971), Maj et al. (1972) and 
Papeschi (1974) found no change. In our experiments, 
despite the fact that both the time scale and dose range 
studied included those at which maximal behavioural 
effects occur (Stromberg & Svensson, 1971; Maj et 
al., 1972; Davies, Jackson & Redfern, 1973) no 
significant changes in noradrenaline or dopamine con- 
centrations were obtained even after chronic 
treatment. 

In the experiments with AMPT, it is evident that 
drugs which stimulate dopamine receptors, such as 
apomorphine (Ernst, 1967) or piribedil (Costall & 
Naylor, 1973) caused slowing of dopamine turnover, 
while receptor blocking drugs like haloperidol and 
pimozide (Janssen, 1967, Anden, Butcher, Corrodi, 
Fuxe & Ungerstedt, 1970) caused an acceleration of 
turnover. The simplest interpretation of these results is 
feedback inhibition or activation of dopaminergic 
neurones, presumably in an attempt to maintain 
homeostasis, because the changes in turnover are 
dependent on nerve impulse activity (Anden, Fuxe & 
Hokfelt, 1966). 

The failure of amantadine to modify dopamine 
turnover under these circumstances, when compared 
to the effectiveness of the dopamine receptor 
stimulants and blockers indicates that amantadine 
caused no significant activation of postsynaptic 
dopamine receptors. Such an action has been 
proposed by Papeschi (1974) who found a higher level 
of dopamine in rats given amantadine 1h before 
AMPT than in animals given only AMPT. However, 
this effect was only observed at an early stage (1 h) 
after AMPT administration, when the response is 
complicated by non-linear decay (Glowinski, 1972). 

There are similarly conflicting data from 
behavioural experiments on the contribution of pre- or 
postsynaptic events to the action of amantadine. Buus- 
Lassen (1971; 1973) found that locomotor activity 
due to amantadine was unaffected by pretreatment 
with AMPT. These results appear to support a 
postsynaptic action for amantadine, as do similar 
results of Maj et al. (1972) and Thornburg & Moore 
(1972). In contrast, results on turning behaviour from 
unilaterally striectomised animals demonstrate that ‘in 
this experimental model an indirect or presynaptic 
action is responsible for the effects of amantadine 
(Farnebo et al, 1971; Von Voigtlander & Moore, 
1973). Since rotational behaviour is more specific for 
striatal dopaminergic function while both dopamine 
and noradrenaline may contribute to locomotor 
responses, we believe the behavioural results are 
consistent with the results reported here, suggesting a 
presynaptic action for amantadine. However, the 
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results of our in vitro experiments do not provide any 
clear indication of the exact nature of such an action. 

Amantadine was not outstanding as an inhibitor of 
dopamine uptake into synaptosomes in vitro, . 
producing significant inhibition only at high doses 
(50% inhibition at 100 uM). This finding is supported 
by results of other workers (Baldessarini et al, 1972; 
Heikkila & Cohen, 1972; Herblin, 1972) although 
Heimans et al. (1972) reported that amantadine would 
cause 50% inhibition of dopamine uptake into striatal 
homogenates at a concentration as low as 3.6 uM. 

Direct linear plots of the relationship between the 
rate of dopamine uptake and the initial dopamine con- 
centration, calculated by the method of Eisenthal & 
Cornish-Bowden (1974) in which substrate concentra- 
tion is plotted on the abscissa and the velocity on the 
ordinate scale, showed that in the presence of 
amantadine, Vmax is displaced vertically downwards, 
indicating a non-competitive inhibitory effect. In 
contrast, in the presence of amphetamine the apparent 
Km was displaced to the right, indicating competitive 
inhibition. The fact that amphetamine, a drug 
generally considered to be a dopamine releasing agent, 
should apparently be an effective inhibitor of uptake 
could indicate that the system used is non-specific, i.e. 
a sudden release of dopamine could give the same 
result in terms of relative distribution of radioactivity 
as inhibition of uptake. However, Raiteri, Levi & 
Federico (1974) showed that, using a superfusion 
technique, amphetamine was indeed a powerful 
inhibitor of noradrenaline uptake and had a mmimal 
effect on release. In the in vitro system used in these 
experiments amphetamine, haloperidol, benapryzine 
and the amantadine analogue, rimantadine, all inhibited 
dopamine uptake more effectively than did 
amantadine. This relative ineffectiveness of 
amantadine, together with the fact that the drug was 
no more effective in blocking dopamine uptake than in 
blocking noradrenaline or 5-hydroxytryptamine 
uptake suggests that this mechanism is unlikely to 
account for the anti-Parkinsonian action of 
amantadine. 

A dopamine releasing property for amantadine has 
been claimed by many workers (Stromberg, Svensson 
& Waldeck, 1970; Stromberg & Svensson, 1971; 
Farnebo et al., 1971) while others have found it to be 
a less effective releasing agent than uptake blocking 
agent (Heikkila & Cohen, 1972; Heimans et al., 
1972). As has already been mentioned, it is difficult in 
an in vitro system such as we have used to distinguish 
between uptake blockade and amine release. 
Nevertheless comparison of amantadine with other 
drugs known either to cause dopamine release or to 
inhibit dopamine uptake provides a reasonable basis 
for conjecture. On this basis, since a significant 
decline in dopamine concentration was caused by 
tyramine, whereas the response to amantadine was 
less marked even than that to ouabain, it is concluded 
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that amantadine has negligible ability to release 
dopamine from nerve endings, at least in vitro. 

The results reported, in common with those of 
many other workers, appear to show that if 
amantadine does have an effect on central 
dopaminergic mechanisms, the effect is a slight one 
and is certainly not likely to be evident at clinically 
effective dose levels. Two suggestions can be made 
from these results. First it is possible that the anti- 
Parkinsonian activity of amantadine is due to 
mechanisms unrelated to brain dopamine. Certainly, 
Bak et al. (1972) have shown an increase in striatal 
acetylcholine and y-aminobutyric acid concentrations 
in rat, although high doses (100 mg/kg) were used, 
while in man, amantadine has been shown to cause an 
increase in the excretion of 1,4-methylhistamine 
(Jones, Turnbull, Lenman & Robertson, 1972). The 
second possibility is that the effect of amantadine on 
brain dopaminergic mechanisms only becomes evident 
under the conditions obtaining in a Parkinsonian 
patient. For instance it has been reported that the 
increase in excretion of dopamine metabolites 
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1 Isolated synaptosomal fractions from mouse forebrains were incubated with [!4C]-y-aminobutyric 
acid ([!*C ]-GABA). Release of the accumulated label in high potassium solution was measured. 

2 The fractional release dependent upon calcium was decreased by raising the concentration of 
['*C]-GABA during labelling but was not affected by altering the time allowed for labelling or the time 


between labelling and stimulation. 


3 These data suggest that extracellular GABA gains rapid access to available intraterminal pools. 
The relative distribution of the accumulated GABA im different pools can be influenced by the con- 
centration of GABA in the incubation medium but, once ‘stored’, there is no net redistribution of 


accumulated GABA in the absence of stimulation. 


Introduction 


Synaptosomes exhibit both high-affinity transport 
systems for the accumulation of neurotransmitters 
(Kuhar, 1973; Bennett, Mulder & Snyder, 1974) and 
Ca-dependent secretion systems for the release of 
endogenously stored transmitter substances (de 
Belleroche & Bradford, 1972a,b; Blaustein, Johnson 
& Needleman, 1972; Cotman, Haycock & White, 
1976). It has been proposed that the transport systems 
serve primarily in the termination of synaptic actions 
of released transmitters (Iversen, 1971). However, it is 
also possible that uptake systems can procure 
transmitter for intraterminal stores that specifically 
supply readily releasable pools (Hughes, 1973; 
Hughes & Roth, 1974; Ryan & Roskoski, 1975). 

The functional coupling, in synaptosomes, between 
uptake and calcium-dependent secretion of y-amino- 
butyric acid (GABA) and noradrenaline (NA) has 
been described previously (Levy, Redburn & 
Cotman, 1973; Levy, Haycock & Cotman, 1974; 
Cotman, et al., 1976). The secretion processes exhibit 
properties characteristic of well-studied stimulus- 
secretion coupling systems, and the accumulation 
processes that provide transmitter for secretion are 
Na-dependent. The purpose of the present study was 
to examine the relationship of transmitter concentra- 
tion during accumulation and time of accumulation 
upon the accessibility of newly accumulated 
transmitter to the release process. 


Methods 


After homogenization in 0.32M sucrose, 
synaptosomal fractions were isolated from forebrains 
of male Swiss-Webster mice or corpus striata of 
Sprague-Dawley rats as described previously 
(Cotman, et al, 1976). Tissue was resuspended in 
a HEPES-Ringer solution of the following 
composition (mM): NaCl 140, HEPES 20, glucose 
10, K,HPO, 1.5, MgSO, 1.5, and amino-oxyacetic 
acid 0.1, pH 7.4 with Tris. All subsequent incubation 
and release manipulations were performed at room 
temperature (22~—24°C). Tissue aliquots (1 ml, 0.6 mg 
protein) were plated onto filter units mounted on a 
vacuum box. Filtrates were collected in vials mounted 
in a taal plate within the vacuum box (Levy et al., 
1974). 

Synaptosomal tissue was labelled with 4-amino- 
n-[U-"*C] butyric acid (232 mCi/mmol, 
Amersham/Searle; added to the incubation solution) 
by perfusing solution through the filter units. After 
incubation at {C]-GABA concentrations and 
labelling durations indicated in the Results section, 
2 mi washes were administered to the filter units every 
30 s (gravity flowthrough for 20 s; negative pressure, 
approx. 10 mmHg, for 10 seconds). The wash solution 
consisted of incubation solution with 5OmM KCl 
added. After washout with 3 x 2 ml washes, matched 
filter units received either 2 ml of wash solution or 
2mi of wash solution containing 1.5 mM CaCl, 
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Radioactivity in the filters and fourth wash filtrates 
was analyzed by liquid scintillation spectrometry. Ca- 
dependent release was calculated as the difference 
between filtrates (in pmol [C]-GABA or % efflux) 
from filter units receiving calcium and filter units 
(previously treated identically) receiving wash solution 
with no calcium added during the fourth wash. In 
some experiments, [PH]-—--NA or [3H]-dopamine 
(New England) were used. 


Results 


As presented in Table 1, increases in either GABA con- 
centration in the incubation solution or the duration of 
the labelling period increased the amount of [4C]- 
GABA accumulated and the pmol of Ca-dependent 
['*C]-GABA released. When calculated in terms of the 
fraction of accumulated GABA, however, Ca- 
dependent ['*C]-GABA release was affected only by 
differences in the incubation concentration of GABA. 
That is, increases in uptake as a function of incubation 
duration were paralleled by increases in the amount of 
[4C]-GABA release due to calcium. On the other 
hand, the increases in uptake as a function of GABA 
concentration were only partially accommodated by 
increases in the amount released. In separate sets of 
experiments, Ca-dependent release of PH]-NA from 
forebrain synaptosomes and [*H]-dopamine from 
striatal synaptosomes (0.1 mM pargyline included in 
incubation solutions) also demonstrated a similar 


dependence upon transmitter concentration during 
incubation (Table 1). 

Kinetic analyses of [4C]-GABA and [?H]-NA 
accumulation into forebrain synaptosomal fractions 
and [?H]-dopamine into striatal synaptosomal 
fractions revealed that even at the highest con- 
centrations investigated in the release studies (10.8, 
3.2, 5.0uM, respectively) the transmitters were 
accumulated primarily by single, high-affinity sites 
(GABA: Km=1.4uM, Vingy = 860 pmol min“! mg! 
protein; NA: Km =2.1 uM, Vmax =22 pmol min 
mg protein; dopamine: K pn =0.3 uM, Fmax = 
68 pmol min~? mgt protein) under conditions similar 
to above. 

Within the graphical accuracy of Lineweaver-Burk 
and Eadie-Hofstee analyses, over 80% of the GABA 
was accumulated via high-affinity sites at the high 
concentration in Table 1. PHJ-NA and [°H]-dopamine 
accumulation described kinetically only a single 
transport site at the concentrations tested. Although 
not absolutely sensitive in detecting small kinetic 
differences between transport sites, these graphical 
measures should have been able to detect uptake via 
other sites (low affinity) amounting to, e.g., 60% of the 
total uptake in the case of ['*C]-GABA. This would be 
the extent of low affinity uptake necessary at the 
higher GABA incubation concentration in order for 
low affinity (presumably non-readily releasable) 
accumulation to account for the observed reduction in 
fractional Ca-dependent release. 


Table 1 Calclum-dependent release as a function of incubation condition 
incubation condition 
Post- 
labelling Baseline Ca-dependent 
Concentration Duration period Accumulation* efflux release 
(uM) (s) (s) (pmol) (%) (%) 
[4C]-GABA 
0.43 20 600 29+3 1.63 +0.11 3.564+0.27 
0.43 20 Ø 33 +4 3.34 +0.35 3.30 Ł+ 0.31 
0.43 120 Ø 228 +18 2.10 +0.18 3.12 +0.24 
0.43 800 Ø 906 + 286 1.89 +0.06 3.23 +0.18 
10.8 600 Ø 4360+ 1010 2.26 +0.34 1.31 +0.25t 
[PH]-NA 
0.06 600 Ø 3.8+0.1 3.50 + 0.40 6.09 + 0.64 
3.2 600 Ø 7942 8.34 +0.25 2.05+0.14f 
[7H]-dopamine 
0.05 600 Ø 4934 1.71 +0.08 9.38 + 0.40 
5.0 600 @ 297+19 11.65 +0.42 4.2540.31t 


* Totals on filter Immediately prior to stimulation; calculated on the basis of initial specific activities of labelled 
transmitter; for [*C]-GABA and [H]J-NA, pmol/0.6 mg forebrain synaptosomal protein and for (3H]-dopamine, 


pmol/0.3 mg striatal synaptosmal protein. 


tP<0.05, two-talled t-test for Inherently palred samples. 


All values represent the means and s.e. mean for four determinations. 


Discussion 


For widely varying amounts of transmitter uptake, 
fractional release should be diagnostic for variations in 
the relative distribution of the accumulated transmitter 
with respect to readily releasable pools (defined here 
by the 20s stimulation period). Our findings indicate 
that incubations as short as 20s label readily 
releasable pools in equivalent proportion to 
incubations up to 30 times longer. Thus the 
accumulated transmitter not only has access to the 
readily releasable pools but this access is rapid. 
Although availability to the release process is rapid, 
the GABA accumulated during a 20 s incubation did 
not demonstrate a detectable redistribution with 
respect to the readily releasable pools over a 10 min 
period. 

Following a 10 min incubation with 0.43 um [1*C]- 
GABA, % Ca-dependent release of both labelled and 
endogenous GABA are similar (Cotman, et al., 1976), 
and the specific activities (sp. act.) of the tissue and 
released GABA are similar. In that brain GABA 
levels are relatively insensitive to extra-terminal 
GABA and amino-oxyacetic acid concentrations 
in vitro (Starr & Tanner, 1975; unpublished 
observations), alterations of % release of [*C]-GABA 
for the conditions investigated above should reflect 
alterations of the released:tissue ratio of GABA sp. 
act. The decrease in % [4C]-GABA release after 
incubation at the high GABA concentration suggests: 
(1) that the sp. act. of the released GABA did not 
increase in proportion to the increase in tissue GABA 
sp. act. and (2) that a greater percentage of the 
labelled GABA (presumably accumulated by the same 
set of membrane transport sites) was being stored in 
less readily releasable stores. As such, these data 
implicate multiple intraterminal GABA pools that are 
kinetically distinct both in terms of (1) affinities and/or 
storage capacities and in terms of (2) participation in 
stimulus-secretion coupling processes. 

These data are similar to those reported by Hughes 
(1973) for ([H]-NA release from rabbit vasa deferentia 
in that higher incubation concentrations produced a 
greater amount, but lower fraction, of [7H]-NA 
release. However, in apparent contrast to the present 
report, the accumulated NA in the vas was released in 
preference to endogenous NA after incubation at 
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THE LOCAL ANTINOCICEPTIVE 


AND TOPICAL ANTI-INFLAMMATORY 
EFFECTS OF PROPYL GALLATE IN RODENTS 
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1 In common with several anti-inflammatory, analgesic, local anaesthetic and antioxidant drugs, 
propyl gallate in vitro inhibited the biosynthesis of prostaglandin E, and F,, from arachidonic acid by a 


prostaglandin synthetase from bull seminal vesicles. 


2 In common with analgesic drugs, propyl gallate reduced the ability of arachidonic acid, 
acetylcholine or acetic acid to cause abdominal constrictions in mice. 

3 Using anew method of evaluating anti-inflammatory activity, we demonstrated the effectiveness of 
aspirin or indomethacin given subcutaneously before u.v. irradiation of guinea-pig ears, the 
prophylactic action of topically applied sunscreen agents and the therapeutic value of bufexamac and 


propyl gallate applied after irradiation. 


Introduction 


Propyl gallate is used as an antioxidant to stabilize 
oils, fats and cosmetics against oxidative deterioration. 
Previous studies (Tappel, Lundberg & Boyer, 1953 
and Saeed, S.A., unpublished) have shown that propyl 
gallate inhibits hydroperoxidation of several poly- 
unsaturated fatty acids. It has also been reported 
(Nugteren, Beerthuis & Van Dorp, 1966) that propyl 
gallate inhibits the conversion of di-homo-y-linolenic 
acid to prostaglandin E, by microsomal particles of 
sheep vesicular glands. Otomo & Fujihira (1970) 
suggested that several non-steroidal anti-inflammatory 
drugs (NSAID) stabilize erythrocyte membranes 
against hydrogen peroxide-induced lipid peroxidation 
by ‘mopping up’ free radicals or peroxides. Subse- 
quently, Vane and co-workers (Ferreira, Moncada & 
Vane, 1971; Smith & Willis, 1971; Vane, 1971; 
Flower, Gryglewski, Herbaczynska-Cedro & Vane, 
1972) showed that clinically attainable plasma con- 
centrations of NSAID 
biosynthesis. Since lipid peroxides and prostaglandins 
are important in the inflammatory process, we 
compared inhibition of prostaglandin biosynthesis by 
propyl gallate with several anti-inflammatory drugs. 
These experiments with bull seminal vesicle pro- 
staglandin synthetase showed that propyl gallate was 
seven times as potent as aspirin. We also investigated 
the antinociceptive and topical anti-inflammatory 
activity of propyl gallate in laboratory rodents. 


Methods 
Inhibition of prostaglandin synthetase 


The effects of propyl gallate and several other classes 
of drugs on prostaglandin biosynthesis in vitro were 


inhibit prostaglandin - 


measured against prostaglandin synthetase of bull 
seminal vesicles (BSV) prepared as described 
previously (Collier, McDonald-Gibson & Saeed, 
1974). Experiments were performed by incubation of 
an appropriate amount of the test substance in a 
standard assay mixture (2.0 ml) containing 50 mM 
phosphate buffer pH 7.4, 0.66mM reduced 
glutathione, 0.09mm hydroquinone, 5.25 mM 
disodium edetate (EDTA) and 500 ul of the BSV 
prostaglandin synthetase preparation. The reaction 
was started by the addition of sodium arachidonate 
(final concentration 0.061 mM) and the tubes aerated 
at 37°C with gentle shaking. After 12 min, the 
reaction was terminated by adding 2.0 ml of 0.2 M 
citric acid and the mixture was extracted with 16 ml 
ethyl acetate. After evaporation of ethyl acetate, the 
residue was re-dissolved in Krebs solution and 
assayed on rat stomach strip in the presence of 
antagonists of acetylcholine, catecholamines, 
histamine and 5-hydroxytryptamine. All experiments 
were carried out in duplicate with appropriate 
controls. 


Antinociceptive tests 


Generally, methods were as described by Collier, 
Dinneen, Johnson & Schneider (1968) and Collier, 
Saeed, Schneider & Warren (1973). Arachidonic acid 
(100 pg/ml) was incubated with propyl gallate 
(0-2 mg/ml). The incubate was tested intra- 
peritoneally for its ability to induce abdominal con- 
strictions in mice. Also, mice were pretreated with 
propyl gallate 1 to 4 mg/kg intraperitoneally 5 min 
before challenge with arachidonic acid (1 mg/kg) close 
to the site of the first injection, propyl gallate being 
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injected into the midline of the abdomen, arachidonic 
acid given slightly lower and to the right of this site. In 
a second batch of experiments, the mice were treated 
with propyl gallate (40 mg/kg intraperitoneally or sub- 
cutaneously) 5 min before intraperitoneal challenge 
with acetylcholine bromide (3.2 mg base/kg). Third, 
propyl! gallate (10 or 40 mg/kg) intraperitoneally was 
given 5 min before a solution of acetic acid (75 mg/kg, 
ip.) or acetylcholine bromide respectively. Fourth, 
sodium aspirin (40 mg as aspirin)/kg ‘was given sub- 
cutaneously 10min before challenge and propyl 
gallate (40 mg/kg) given intraperitoneally 2 min before 
challenge by acetylcholine or acetic acid. 

In these abdominal constriction tests, solutions for 
injection were coded so that the observer of the 
abdominal constriction responses was unaware of the 
drug treatment given. The appropriate vehicles were 
always given as controls. The statistical significance of 
results was found using 2x2 Contingency Tables 
(Finney, Latscha, Bennett & Hsu, 1963). 


Topical anti-inflammatory test 


A preliminary account of the method was given by 
McDonald-Gibson & Schneider (1974). Individually 
marked Hartley strain male albino guinea-pigs 
weighing 200—300 g were used. The dorsal surfaces of 
both ears were depilated by Nair cream, and the 
cream removed by washing in tap water. Twenty 
hours later, a group of 4 guinea-pigs was placed in a 
cage 40 cm long x 15 cm wide x 10 cm high, separated 
from each other by wire mesh barriers. Test 
substances were applied to one ear using 100—150 mg 
of water miscible cream (Acid Mantle cream or 
occasionally Carbowax cream). The other ear received 
vehicle alone. In each experiment involving four 
guinea-pigs, two right ears and two left ears were 
treated with the test substance. Twenty min after each 
application, all four guinea-pigs were placed for 
30 min under a 20 W uv. strip-light (57 cm long; 8 cm 
above their heads). The lamp was switched on for 
30 min before irradiating the animals. In unprotected 
animals, irradiation caused a marked increase in ear 
temperature, erythema, delayed oedema and blister 
formation. Food and water were withheld until 
observations on ear temperatures were complete 
(usually 4h after irradiation). In other experiments 
test substances were applied immediately following 
irradiation or injected subcutaneously 20 min before 
irradiation. In one experiment sodium aspirin was 
injected 2h and 6h after irradiation. 

Estimates of erythema were made subjectively by 
two independent observers, each usually comparing 
the test and control ear. When drugs were given sub- 
cutaneously, comparisons were made between test and 
control guinea-pigs. From 5-280 min after 


irradiation, ear temperature was monitored with a 
thermistor probe set in plasticine firmly on the dorsal 
surface of each ear in turn for 2.5 minutes. 
Temperature was measured via a Wheatstone bridge 
and a twin-channel Devices polygraph with a DC2-D 
pre-amplifier. 

Ear thickness was measured by a micrometer screw 
gauge immediately before application of test substance 
and 24 h after irradiation. Oedema was taken as being 
proportional to the increase in ear thickness. Blister 
formation was assessed subjectively 5—7 days after 
irradiation by two independent observers. 

In experiments in which ear temperature was 
measured, the animals were kept at a laboratory 
temperature of 24—26°C; in others they were kept at 
20—23°C. In most experiments, the guinea-pigs were 
returned to their home cages immediately after 
irradiation and removed for measurement of ear 
temperature or ear-lobe thickness. 

Statistical analyses of the results of the experiments 
in guinea-pigs were carried out by Mr L.C. Dinneen in 
this department using conventional methods. 


Materials 


Drugs were obtained from various pharmaceutical 
manufacturers (as indicated) and were prepared in 
aqueous solution either as the free acid or base or as 
the sodium or hydrochloride salt respectively. All 
drugs were of analytical grade; acetic acid (BDH), 
acetylcholine bromide (Sigma), Acid Mantle cream 
(Dome), amidopyrine (BDH), arachidonic acid (99% 
pure, Sigma), benzocaine (Sigma), benzydamine 
(Angelini Franchesco), bufexamac (butoxypheny!- 
acetyl-hydroxamic acid; Lederle), butylated hydroxy- 
anisole (BHA; Sigma), Carbowax cream (Dome), 
citric acid (BDH), ethyl acetate (BDH), ethyl- 
enediamine tetra-acetate sodium (EDTA; Hopkin & 
Williams), flufenamic acid (Parke-Davis), glutathione 
(reduced form; Sigma), hyoscine hydrobromide 
(BDH), hydroquinone (Koch-Light), ibuprofen 


* (Boots), indomethacin (Merck, Sharp & Dohme), 


meclofenamic acid (Parke-Davis), mefenamic acid 
(Parke-Davis), mepyramine maleate (May & Baker), 
methysergide bimaleate (Sandoz), Nair cream (Carter 
Wallace), nordihydroguaiaretic acid (NDGA; Fluka, 
A.G.), oxyphenbutazone (Geigy), para amino benzoic 
acid (PABA; Sigma), paracetamol (Koch-Light), 
phenazone (L. Light & Co.), phenoxybenzamine 
(Menley & James), phenylbutazone (Geigy), procaine 
hydrochloride (Sigma), propranalol hydrochloride 
(ICI), propyl gallate (Sigma), prostaglandin E, (Ono), 
prostaglandin F,, (Ono), sodium acetylsalicylate 
(Miles), sodium chloride (BDH), sodium phosphate 
(BDH), Uval (2-hydroxy-4-methoxy-benzophenone-5- 
sulphonic acid; Dome), Vitamin E (Sigma). 
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Results 
Inhibition of prostaglandin synthetase 


As incubation of arachidonic acid with bull seminal 
vesicle homogenate (plus co-factors glutathione and 
hydroquinone) produced an average of 44 times more 
prostaglandin E, than F,, results are expressed in 
terms of prostaglandin E, equivalents. Rank order of 
potency inhibiting prostaglandin biosynthesis im vitro 
correlated well with known analgesic activity in man 
and antinociceptive activity in mice (for references see 
Collier et al, 1968). Results are shown in Table 1. 
Each of the 19 drugs incubated with arachidonic acid, 
bovine seminal vesicle prostaglandin synthetase 
preparation plus co-factors glutathione and hydro- 
quinone reduced prostaglandin biosynthesis in a dose- 
related manner. Meclofenamate was the most potent 
drug tested, and although propyl gallate was 1000 
times less potent, it was approximately 7 times more 
potent than aspirin and only slightly less potent than 
oxyphenbutazone in this system. Some substances 
other than the well known anti-inflammatory agents 


Table 1 


Drug 


Non-steroidal anti-inflammatory 


Meclofenamate 
Flufenamate 
Indomethacin 
Mefenamate 
Ibuprofen 
Phenylbutazone 
Oxyphenbutazone 
Benzydamine 
Amidopyrine 
Phenazone 
Aspirin 


Paracetamol 


Local anaesthetic and sunscreens 


inhibited prostaglandin biosynthesis. These included 
the antioxidants butylated hydroxyanisole and nordi- 
hydroguaiaretic acid and the sunscreen agent 2- 
hydroxy-4-methoxy-benzo-phenone-5-sulphonic acid. 


Antinociceptive activity 


Table 2 shows that the ability of arachidonic acid (100 
ug/ml) to induce abdominal constrictions in mice was 
significantly (P< 0.01) less after it had been incubated 
with 2 mg/ml of propyl gallate. Also, pretreatment of 
mice with 4 mg/kg propyl gallate intraperitoneally, 
significantly (P<0.005) inhibited abdominal con- 
strictions to a subsequent intraperitoneal challenge 
with arachidonic acid (Table 3). Furthermore, 
treatment of mice with propyl gallate, 40 mg/kg intra- 
peritoneally 5min before challenge, reduced 
abdominal constrictions in response to acetylcholine 
(P<0.01). Propyl gallate, 10 mg/kg intraperitoneally 
Smin before challenge, reduced abdominal con- 
strictions induced by intraperitoneal acetic acid. In 
addition, propyl gallate 10 or 40 mg/kg significantly 
reduced diarrhoea (P < 0.05) after arachidonic acid or 


Inhibition of prostaglandin biosynthesis /n vitro 


IC so (uM 


0.11 
0.5 
1.2 
2.2 
6.8 
13.0 
41.0 
410 
518 
637 
692 
2516 


Uval (2-hydroxy-4-methoxy-benzophenone- 


5-sulphonic acid) 
Benzocalne 


Para amino benzolc acid (PABA) 


Antioxidants 
Nordihydrogualaretic acid 
Butylated hydroxyanisole 


Propyl gallate 
Vitamin E 


227 
569 
2828 


42 
52 
103 
6804 


ICs; concentration which Inhibits prostaglandin biosynthesis by 50%. The test drugs in aqueous solution were 
incubated with sodium arachidonate, glutathione, hydroquinone, EDTA and bull seminal vesicle homogenate In 
sodium phosphate buffer {see text for detalls). After extraction and re-constitution in Krebs solution the pro- 
staglandins were assayed against prostaglandin E, on rat stomach strip using methods described by Coiller et 


al. (1974). 


576 WENDY J. McDONALD-GIBSON, S.A. SAEED & C. SCHNEIDER 


Table 2 Inhibition by propyl gallate of the abdominal constriction response induced by arachidonic acid in 


the mouse 
Concentration of No. of mice responding No. of responses 
propyl gallate within min by min 
in incubate No. of 
{rg/ml) mice 0—0.5 0.5—2 2-10 0—0.5 0.5—2 2-10 
None 50 12 16 20 20 37 84 
0.25 35 a 5 ges 2 7 17 
0.40 5 1 2 5 1 8 38 
0.50 10 0 o* o** 0 0 0 
1.00 45 O** 19s 8 0 1 23 
2.00 5 0 0 4 O 0 6 


Abdominal constrictlons were induced by Intraperitoneal injection of an Incubate containing arachidonic acid 
(100 pg/ml), mouse peritoneal exudate (0.2 mi), propyl gallate (O-2 mg/ml), in 50 mM phosphate buffer 
contalning ethanol (5% v/v), glutathione (60 pg/ml) and hydroquinone (10 pg/ml). 

*P<0.05; **P<0.01. 


Table 3 Inhibition by propyl gallate of abdominal constrictions induced by arachidonic acid, acetyicholine or 
acetic acid in the mouse 


Intraperitoneal No. of % of mice responding within 
treatment mice 0-0.5 min 0.5—2 min 2—10 min 
AA + control vehicle 40 10 25 55 
AA + propyl gallate 35 6 5 noe 
(25 ug/ml) 

AA + propyl gallate 36 Q 3" 6** 
(100 g/m!) 

AA 5 min after 25 44 48 N.T. 
control vehicle 

AA 5 min after 25 41 20* N.T. 
propyl gallate (1 mg/kg) 

AA 5 min after 20 gra O* N.T. 
propyl gallate (4 mg/kg) 

ACh 5 min after 20 5 85 6/10 
control vehicle 

ACh 5 min after 20 0 10*** 1/10* 
propyl gallate (40 mg/kg) 

Acac 5 min after 40 0 3 48 
control vehicle 

Acac 5 min after 30 0 0 10** 


propyl gallate (10 mg/kg) 


Methods were those described by Colller et al. (1968). 

AA= arachidonic acid, 1 mg 10 mi-' kg’; ACh=acetyicholine bromide, 3.2 mg base 10 mi? kg™?; 
Acac= acetic acid, 76 mg 10 mi~’ kg`'. Propyl gallate was dissolved in sodium phosphate buffer, 0.05 m, 
pH 7.0. NT=not tested. 

*P<0.05; ™ P<0.01: **# P< 0.005. 
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acetylcholine challenge respectively, and also 


appeared to protect some mice from the immobilizing 
effect of arachidonic acid. Results in Table 4 show 
that sodium aspirin and propyl gallate together 
reduced abdominal constrictions to acetylcholine 
more effectively than did either drug alone. 

In contrast, propyl gallate 10 or 40 mg/kg orally or 
subcutaneously in 4 groups of 10 mice had no anti- 
nociceptive activity against arachidonic acid. 


Topical anti-inflammatory activity 


Using the method of Tonelli, Thibault & Ringler 
(1965), B.M. Phillips (Miles Laboratories Inc., 
Elkhart, Indiana, USA, personal communication) 
found that propyl gallate showed significant topical 
anti-inflammatory activity, having a potency 0.03 
relative to hydrocortisone. 

Tables 5, 6 and 7 show results of tests of anti- 
inflammatory activity. Topically, propyl gallate at 
10% w/w before and immediately after irradiation of 
guinea-pig ears significantly reduced (P<0.05) the 
heat and erythema observed for up to 4 h, the oedema 
that develops by 24h and the blister formation that 
develops within 5 days. Lower concentrations of 
propyl gallate had progressively less effect, but even 
1.25% w/w significantly (P<0.01) reduced ear heat. 
Propy! gallate 5 or 10% w/w was also significantly 
effective (P < 0.01) when applied only after irradiation; 
at 10% w/w it reduced ear heat, erythema, oedema 
and blister formation. 

Other substances which reduced inflammatory 
responses when applied before and after wy. 
irradiation were the sunscreen Uval, the antioxidants 
butylated hydroxyanisole (BHA) and nordihydro- 
guaiaretic acid (NDGA), each being less effective than 


Table 4 
or by acatic acid in the mouse 
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propyl gallate. Mixtures of propyl gallate with NDGA 
or with PABA were also effective. Soluble buffered 
aspirin given subcutaneously also reduced ear heat, 
erythema and oedema. 


Discussion 


Although there is a good rank order correlation 
between inhibition of prostaglandin synthetase and 
analgesic potency of non-steroidal anti-inflammatory 
drugs, absolute potencies against prostaglandin 
synthetase from bovine seminal vesicles do not 
correlate well with absolute potency of NSAID in the 
treatment of inflammatory conditions such as 
rheumatoid arthritis in man. Therapeutic doses of 
aspirin for example are not 567 x those of indo- 
methacin. Several antioxidants also inhibited, in a 
dose-related manner, prostaglandin biosynthesis. 
The expected antinociceptive activity of propyl 
gallate was confirmed in mice. High concentrations of 
propyl gallate when incubated in vitro with 
arachidonic acid lessened the ability of arachidonic 
acid to induce abdominal constrictions. Simultaneous 
or prior administration of propyl gallate also inhibited 
abdominal constrictions induced by arachidonic acid. 
Responses to acetylcholine or to acetic acid were 
inhibited by high doses of propyl gallate. When 
administered with sodium aspirin there was an 
apparent additive antinociceptive effect, which would 
be expected if the drugs had similar modes of action. 
The antinociceptive actions of propyl gallate in the 
mouse might be due at least in part to a local 
anaesthetic action. Hendershot & Forsaith (1959) 
thought that procaine given intraperitoneally exerted a 
local anaesthetic effect when blocking abdominal con- 


Inhibitlon by propyl gallate plus sodium aspirin of abdominal constrictions Induced by acetylcholine 


No. of mice 
Subcutaneous Intraperitoneal responding 
treatment 10 treatment 2 min within 
min betore before intraperitoneal No. of 0-30 0.6—-2 2-10 
challenge challenge challenge mice S min min 
NAS Propyl gallate ACh 16 0 otm NT 
Contro! Control ACh 15 4 12 NT 
NAS Propyi gallate ACh 15 0 or NT 
NAS Control ACh 10 O 9 NT 
NAS Propyl gallate ACh 10 0 oe» NT 
Control Propyl gallate ACh 10 1 7 NT 
NAS Propyl gallate Acac 5 0 0 4 
NAS Control Acac 15 0 o* 2 
NAS Propyl gallate Acac 5 0 O 4 
Control Propyl gallate Acac 5 0 0 5 


NAS; sodium aspirin 40 mg (as acstyisalicylic acid)/kg; Propy! gallate 40 mg/kg. Other detalls as in Table 3. 
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strictions elicited by phenylbenzoquinone. Modak & 
Rao (1971) found that in the frog, rabbit and guinea- 
pig, propyl gallate is as potent a local anaesthetic 
agent as procaine. Although we found benzocaine to 
inhibit prostaglandin biosynthesis, procaine had little 
activity. 

Our results in mice suggest that propyl gallate has 
little clinical potential as a subcutaneous or oral drug 
in man. However, its topical application to skin may 
prove useful in preventing inflammation caused by 
sunburn (Saeed, Schneider & Phillips, 1974) as 
suggested by the guinea-pig erythema test. The 
modifications that we made in this test have several 
advantages. Heat and oedema can be quantified 
objectively, and blister formation can also be assessed. 
Each animal may be used as its own control, drugs 
can be given parenterally or applied topically in 
various vehicles, and the animals do not need to be 
‘restrained manually during irradiation. Furthermore, 
hyperalgesia could probably also be measured, if 
necessary. 

The reduction of heat, oedema, erythema and blister 
formation of the ears was not due solely to absorption 
of u.v. light by propyl gallate, since protection also 
occurred when the drug was applied after irradiation. 

In man, erythema is induced most by u.v. radiation 
of 296.7 nm (Giese, Christensen & Jeppson, 1950; 
Knox, Guin & Cockerell, 1957). If this wavelength is 
as damaging to guinea-pigs as it is to man, the 
apparent anti-inflammatory activity of Uval, BHA, 
NDGA and PABA may be due only to absorption of 
u.v. light; Uval was not effective when applied only 
after irradiation. Clinically it is applied as a sunscreen 
before exposure to sunlight. 

The anti-inflammatory activity of parenterally 
administered aspirin or indomethacin and of 
bufexamac (a new non-steroidal topical anti- 
inflammatory drug (Grigoriu, 1972)) indicates that the 


Table 7 
ultra-violet light 
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new method is useful for assessing anti-inflammatory 
activity of aspirin-like drugs. 

Snyder & Eagistein (1974) found that a single 
application of a 2.5% solution of indomethacin 
decreased the redness, warmth and tenderness of 
sunburned human skin (Kesten, 1956) for 24h or 
longer, and was more effective than a corticosteroid 
cream. However, they did not state whether the 
indomethacin was applied before or after u.v. 
radiation. 

Kahn & Curry (1974) reported that propyl gallate 
was an extremely effective sunscreen. They found, 
however, that it was a strong contact sensitizer, in 
agreement with the findings of B.M. Phillips (personal 
communication). Recently, Lewis (1976) showed that 
propyl gallate has topical anti-inflammatory activity in 
the rat, thus confirming our results in the guinea-pig 
(McDonald-Gibson & Schneider, 1974). 

The use of propyl gallate might be justifled in the 
treatment of painful burns, in view of the report by 
Jelenko & Wheeler (1972) that various antioxidants, 
when mixed with ethyl linoleate, prolonged its efficacy 
and appeared to act as oxygen acceptors. These in- 
vestigators claimed that the antioxidants had potential 
use in burn therapy as topical agents to control 
excessive post-burn evaporative water loss and 
perhaps hypermetabolism after burns. 

Propyl gallate may also potentiate the effect of 
adrenaline which reduces erythema partly by vaso- 
constrictor activity. Grunwaldt (1972) showed that . 
alkyl gallates effectively prevented the catabolism of 
adrenaline and noradrenaline which were used in the 
treatment of glaucoma. Greengard & Petrack (1972) 
claimed that alkyl gallates plus adrenaline or 
noradrenaline in a preparation suitable for inhalation, 
were useful for treating bronchospasms. Also, Cash, 
Petrack & Weiner (1971) claimed that propyl gallate 
increased the anti-Parkinson activity of L-DOPA. 


Inhibition by topically applied propyl gallate of bilster formation of guinea-pig ears irradiated by 


Proportion of control 
ears with greater* 
blister formation than 
treated ears 4 or 5 


Treatment with propyl gallate Concentration days after exposure 
Before u,v. After uv. % w/w to u.v. light 
+ + 0.625 1/4 
+ + 10 4/4 
+ + 10° 4/4 
= + 10 4/4 


* Determined subjectively by two observers; s=in 
gallate not applied. 
Other details as In Table 5. 


slight protection 


petites 
ne 


Carbowax cream; +=propyl gallate applied: ~=propy! 
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Propyl gallate may exert some of its anti- 
inflammatory action by inhibiting the effects of 
bradykinin as demonstrated on the guinea-pig ileum 
by Posati, Fox & Pollansch (1970). 
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ANTAGONISM BY SOME ANTIHISTAMINES 


OF THE AMINO ACID-EVOKED 


RESPONSES RECORDED FROM THE LOBSTER 
MUSCLE FIBRE AND THE FROG SPINAL CORD 


A. CONSTANTI , 
Department of Pharmacology, The School of Pharmacy, 


University of London, 29/39 Brunswick Square, London WC1N 1AX 


A. NISTRI" 


Department of Pharmacology, St Bartholomew's Hospital Medical College, 


University of London, London EC1M 6BQ 


1 The effects of some antihistamines on the lobster muscle fibre and the frog spinal cord were 
investigated using intracellular and extracellular recordings, respectively. 

2 On lobster muscle, histamine H,-blockers reversibly antagonized responses to bath-applied 
glutamate, aspartate and quisqualate but not responses to y-aminobutyric acid (GABA). Iontophoretic 
glutamate potentials were also reduced. Histamine (up to 1 mM) had no effect on this preparation. 

3 The H,-antagonists produced a small increase in muscle membrane conductance and a slight 
hyperpolarization. These effects were largely unchanged in a low Cl bathing solution. Procaine 
(1 mM) decreased membrane conductance and did not affect responses to GABA or glutamate. 

4 The H,-antagonist burimamide blocked both glutamate and GABA-evoked responses on the 
lobster muscle without affecting resting potential or conductance. 

5 In the frog cord, bath-applied histamine produced ventral root depolarizations and dorsal root 
hyperpolarizations (sometimes biphasic responses). These effects were reduced by tetrodotoxin (TTX) 
but not by antazoline (H,-blocker) or burimamide; the latter reversibly antagonized responses to both 
glutamate and GABA on TTX-treated cords while antazoline was ineffective. 

6 It is suggested that antihistamines can act as non-specific amino acid antagonists by interacting at 


the level of the receptor-coupled ionophores. 


Introduction 


Histamine is a putative neurotransmitter in some areas 
of the mammalian brain (Green, 1970; Snyder & 
Taylor, 1972; Schwartz, 1975; Calcutt, 1976). 
Microiontophoretically applied histamine depresses 
the firing of feline brain and spinal neurones (Krnjević 
& Phillis, 1963; Phillis, Tebécis & York, 1968a,b; 
Haas, Anders & Hosli, 1973); however, these effects 
are often non-specifically antagonized by histamine 
H,- and H,-receptor blockers (Phillis et al, 1968a; 
Haas & Bucher, 1975; Haas, Wolf & Nussbaumer, 
1975). This non-specificity has been tentatively 
attributed either to a blockade of axonal conduction 
(ie. a local anaesthetic effect; Reuse, 1948; Phillis et 
al., 1968a) or to a direct ‘non-selective’ action on the 
neuronal membrane (Haas, 1974); furthermore the 
ability of the antihistamines to block receptors other 


! Present address: Institute of Pharmacology, University of 
Florence, Viale Morgagni 65, 50134 Florence, Italy. 


than the histamine receptor is well known (Goodman 
& Gilman, 1975). 

In order to obtain more direct information on the 
non-specific membrane actions of the antihistamine 
drugs, we carried out a comparative study on two in 
vitro preparations, the lobster muscle fibre and the 
tetrodotoxin (TTX}treated isolated spinal cord of the 
frog. The invertebrate tissue allowed a study of 
antihistamine action on resting membrane 
conductance using intracellular recordings; the 
experiments on the TT X-treated frog cord enabled the 
effect of antihistamines on responses to histamine to 
be investigated without possible interference from the 
local anaesthetic action of these compounds. Since L- 
glutamate and p-aminobutyric acid (GABA) are 
putative neurotransmitters in both tissues 
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Table 1 Comparison of the potency of some antihistamines in antagonizing the depolarizing action of 
glutamate and in increasing the resting membrane conductance of lobster muscle fibre 


% 
% Block of . Increase in 
Concentration 100 uM mambrane 
Drug Chemical formula fum} glutamate response conductance 
It 
(CH,),—NH—C-——NH 40 0 O 
Burimamide | \ CH 
N H 3 100 7 O 
ad 
Ci a 40 19 0 
~——C—{CH,},—N(CH 
Chlorphenlramine (CH). — NICH), 
100 36 5 
C—O—(CH,};-—NICH,) 2 
Diphenhydramine ai nA 40 38 
100 48 4 
a 
PRM e s oe 
Antazoline K NH 100 85 2 
40 58 7 
Phenindamlne 
40 71 5 


Triprolidine 





(Gerschenfeld, 1973; Barker, Nicoll & Padjen, 1975; 
Onodera & Takeuchi, 1975; Nicoll, Padjen & Barker, 
1976) a quantitative assessment of the action of anti- 
histamines on two different populations of amino acid 
receptors was also possible. 

Our results suggest that antihistamines can increase 
the resting membrane conductance and act as non- 
specific amino acid antagonists possibly by interacting 
at the level of the receptor-coupled ionophores. 


Methods 


Full details regarding the set-up of the lobster muscle 
and frog spinal cord preparations have recently been 
given (Constanti & Nistri, 1976a); therefore, only 
relevant descriptions of the methods will be presented 
here. 


Lobster muscle fibre 


The opener muscle of the first or second walking leg 
was superfused continuously with lobster saline 
solution of the following composition (mM): NaCl 
522, KCl 12, CaCl, 21, MgCl,6H,O 5, and Tris 
maleate 10, adjusted to pH 7.6 with 0.1 N NaOH. The 
membrane conductance of single superficial muscle 
fibres was measured by the method of Takeuchi & 
Takeuchi (1967) using three intracellular glass micro- 
electrodes; one microelectrode filled with 0.6 M KSO; 
was inserted at the centre of the fibre in order to pass 
hyperpolarizing current pulses (0.25 Hz; 800 ms); the 
other two microelectrodes filled with 1.5 M K-citrate 
were inserted at the centre and at the end of the fibre, 
respectively, in order to record the resulting 
electrotonic potentials. GABA-evoked conductance 
changes (expressed as Agm» where Bm is the 
conductance per unit length and L the half-length of 
the fibre) were calculated with respect to the resting 
conductance measured immediately before the 
application of GABA. To allow pooling of data from 
different fibres, the GABA responses in each 
experiment were normalized with respect to the 40 uM 
response. Membrane depolarizations evoked by bath- 
applied glutamate (expressed as AV; mV) were 
recorded at the centre of the muscle fibre. The 
current/voltage relation of the lobster fibre membrane 
under the present conditions was sufficiently linear in 
both depolarizing and hyperpolarizing directions (for 
potential changes <20 mV) to allow depolarization 
responses to be taken as a quantitative measure of 
glutamate-receptor activation. Iontophoretic 
glutamate potentials were obtained by applying 
glutamate to single sensitive spots on the fibre 
membrane. Negative current pulses were passed 
through a. microelectrode filled with 1M LNa 
glutamate (pH =$8 with NaOH; Takeuchi & Takeuchi, 
1964). The retaining current was +20nA. 
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Jontophoretic potentials were recorded by an in- 
tracellular electrode placed about 500 um away from 
the sensitive spot and photographed from the 
oscilloscope screen with a Polaroid camera. 


Frog spinal cord 


The spinal cord was hemisected and placed in a small 
bath containing a salt solution of the following 
composition (mM) NaCl 109, KCI 4, CaCl, 1.5, 
NaHCO, 1.27, and glucose 4, pH 7.2 gassed with 
95% O, and 5% CO, and maintained at 13°C. 
Freshly prepared solutions of the substances to be 
tested were applied via the bathing medium. 
Recordings were made with extracellular Ag/AgCl 
electrodes (resistance 5—10 KN) from the VI Ith or 
[Xth pairs of roots gently pulled into paraffin-filled 
side-chambers. Two types of potential were recorded: 
the ventral root potential (D-VRP) evoked by 
orthodromic stimulation of the adjacent dorsal root 
and the dorsal root potential (V-DRP) evoked by 
antidromic stimulation of the adjacent ventral root. 
Root potentials were displayed on a storage 
oscilloscope and a chart recorder. 


Drugs 


The following H,-receptor antagonists were used: 
diphenhydramine hydrochloride (Parke-Davis), 
antazoline hydrochloride (Ciba Labs), chlor- 
pheniramine maleate (Allen & Hanbury), 
phenindamine tartrate (Roche) and triprolidine hydro- 
chloride (Wellcome). Burimamide was used as an H,- 
antagonist (Black, Duncan, Durant, Ganellin & 
Parsons, 1972), All other substances were of reagent 
grade. All drug solutions were adjusted to the pH of 
the physiological solutions. 


Results 
Lobster muscle fibre . 


Effect of antihistamine drugs on  bath-applied 
glutamate responses All the antihistamine 
compounds tested (concentration range 40M to 
i mM) reversibly depressed the depolarizations 
produced by bath-applied glutamate. The relative 
potencies were assessed by measuring the % reduction 
of the response to 0.1. mM glutamate applied for 2 
minutes. This dose gave closely reproducible 
responses with little desensitization and a minimal 
tendency to evoke a contraction of the fibre (see 
Constanti & Nistri, 1976b). The results of an 
experiment in which 6 different antihistamines were 
tested on the same muscle fibre is shown in Table 1. 
Similar studies carried out on 5 other preparations 
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Figure 1 (a) Effect of antazoline on the dose- 
response curve to glutamate recorded from a single 
lobster muscle fibre: (@}, glutamate-evoked 
membrane depolarization measured in control 
solution; (©), in 40pm antazoline: (A), In 100 um 
antazoline. (W), and {^} represent recovery responses 
recorded 10 min after return from 40 pm and 100 um 
antazoline respectively. (6) Effect of burlmamide on 
the dose-response curve to glutamate (recorded from 
a different fibre from that In (a)). (@), Control 
glutamate curve measured In normal solution; (O), In 
0.5 mM burlmamide; (W), recovery response recorded 
10 min after return to normal solution. Ordinates 
represent depolarization (mV); absclssae give the 
concentration of glutamate added to the superfusing 
solution. 


confirmed this order of activity. Triprolidine was the 
most potent antagonist of glutamate, and burimamide 
the least potent. Both H,-blockers and burimamide 
also reduced the depolarizations evoked by L- 
aspartate (1 to 2mM) or by quisqualic acid (1 to 
6uM), a powerful glutamate agonist (Shinozaki & 
Shibuya, 1974). However, the depolarizing responses 
produced by doubling the KCI content of the bathing 
solution were unaffected. 

Histamine (1 mM) had no significant effect on 
membrane potential or conductance, nor did it 
antagonize the actions of bath-applied glutamate 
(0.1 mM) or GABA (40 uM) (cf. McGeer, McGeer & 
McLennan, 1961). This result contrasts with the 
action of the histamine metabolite, imidazoleacetic 
acid which increases lobster muscle membrane 
conductance (Constanti & Quilliam, 1974). The 
antihistamine drugs (up to 1 mM) also increased the 
resting membrane conductance (up to 10%; cf. 
Table 1 and Figure 4) often accompanied by a small 
membrane hyperpolarization. Triprolidine and 
phenindamine were particularly active in this r 
although in comparison with GABA (10M) the 
effect of these compounds on the conductance was 
notably slow in onset and decline. At higher con- 
centrations their effect on the conductance became 
irreversible. Burimamide was the exception in that it 
did not affect resting conductance or membrane 


potential even at a concentration of 2mM. The 
glutamate-inhibitory action of the antihistamines was 
not merely due to their action on the membrane 
conductance since such a change of conductance was 
insufficient to account for the total reduction in 
glutamate responses. Moreover, there appeared to be 
no relation between the ability of a compound to 
antagonize glutamate and its ability to increase the 
resting conductance (Table 1). Of the present series, 
antazoline combined a high glutamate inhibitory 
action with a low effect on the conductance; this 
compound was thus selected for further study. 

Figure la shows the effect of antazoline on the 
glutamate dose-response curve recorded in a single 
lobster muscle fibre. With a progressive increase in 
antazoline concentration there was a slight lateral shift 
of the curve to the right accompanied by a depression 
of the apparent maximum in a seemingly non- 
competitive manner. Recovery of the glutamate- 
evoked responses was obtained within 15 min of a 
return to the normal solution. A reversible depression 
of the glutamate dose-response curve was also seen in 
the presence of the weaker antagonist burimamide 
(Figure 1b). 

At the frog neuromuscular junction the local 
anaesthetic compound, procaine, depresses the 
response of the end-plate to acetylcholine by a 
postsynaptic blocking mechanism (Katz & Miledi, 
1975). As the antihistamine drugs are also known to 
possess local anaesthetic activity (Reuse, 1948) it was 
of interest to test whether the observed antagonism of 
the effects of glutamate by antihistamines on lobster 
muscle could be mimicked by procaine. In the 
presence of this compound (1 mM) there was no 
significant inhibition of glutamate-evoked responses 
and the resting membrane conductance was decreased 
by up to 5% (see also Fatt & Katz, 1953). 


Effect on iontophoretic glutamate potential When the 
glutamate-filled microelectrode was placed over a 
sensitive spot on the fibre membrane and a 20 ms 
negative current pulse passed through it (pulse 
frequency 0.1 Hz to avoid desensitization), a brief 
depolarization (i.e. the iontophoretic glutamate 
potential) was recorded by the nearby intracellular 
electrode (Figure 2a). The amplitude and the time- 
course of this potential were comparable to those 
described by Takeuchi & Takeuchi (1964) and 
Onodera & Takeuchi (1975) in crayfish muscle, 
although the latter preparation is known to be more 
sensitive to iontophoretically applied glutamate 
(Ozeki, Freeman & Grundfest, 1966). After the bath 
solution had been changed to one containing 0.1 mM 
antazoline, the amplitude of the glutamate potential 
was markedly reduced (Figure 2b). This effect was 
fully reversible upon return to a normal solution 
(Figure 2c) indicating that the glutamate-containing 
electrode had not been displaced during the 


© 
o 


AMINO ACIDS AND ANTIHISTAMINES 587 


C 


O aaa A A genesis 


= 
Y a N 


Figure 2 Effect of antazollne (100 um) on the glutamate-evoked potential (lower beam) produced by the 
lontophoretic application of glutamate to a single sensitive site on the lobster fibre membrane. Upper beam 
shows the monitored glutamate ejection current. (a), Contro! glutamate-potentlal recorded in normal solution: 
(b) 2 min after changing to solution contalning 100 um antazoline; (c), recovery potential recorded 10 min after 
retum to normal solution (superfusion system was operating throughout the experiment). Calibration: 
2 x 1077A (upper beam), 0.5 mV (lower beam): 100 milliseconds. 
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Figure 3 Effect of burimamide on the normalized y- 
aminobutyric acid (GABA) log dose-conductance 
curve. (@), GABA-evoked increase in the membrane 
conductance of a lobster muscle fibre measured in 
normal solution; (O), in 1mM burlmamlide. Ordinate 
scale represents normalized conductance Increase 
(AGy): abscissa scale ghves the concentration of 
GABA added to the superfusing solution. AGy was 
calculated with respect to the 40 nM response. Points 
represent mean of 3 measurements made on 
different fibres. Vertical Iines show s.e. mean. 


experiment. The resting conductance and resting 
potential were not affected by 0.1 mM antazoline in 
this preparation. 


Effect on GABA dose-conductance curve All the H,- 
receptor blocking drugs (up to 1 mM) failed to modify 
the GABA _ dose-conductance curve. However, 
burimamide (0.5 to 2mM) showed a weak 
antagonistic effect towards GABA. Figure 3 shows 


38 


the normalized log dose-conductance curve for GABA 
in control solution and in the presence of 1 mM 
burimamide. There was a slight shift of the curve to 
the right along the abscissa scale which was fully 
reversed upon returning to control solution. A similar 
shift of the dose-conductance curve for imidazoleacetic 
acid (Constanti & Quilliam, 1974) was also observed in 
the presence of burimamide (not shown). 


Effect of CF removal on the antthistamine-evoked 
conductance increase The GABA-evoked con- 
ductance change in crustacean muscle is known to 
be Cl--mediated (Boistel & Fatt, 1958). In order to 
examine whether the antihistamine-induced 
conductance increase also involved a CI- permeability 
change, some experiments were carried out in a low 
Cl--bathing solution (586 mM CI- reduced to 64 mM 
by replacement with Na isethionate); the changeover 
was first made to an intermediate low Cl -isethionate 
solution (586 mm CI- reduced to 325 mM) and then 
after 15 min to the lower Cl--containing solution. In 
the experiment illustrated in Figure 4, GABA (10 uM) 
in control solution, produced a rapidly developing 
conductance change with little effect on resting 
potential (Figure 4a). However, antazoline (1 mM) 
evoked a slowly developing conductance increase 
accompanied by a small hyperpolarization of about 
1 mV (Figure 4b). After 40 min in low CI- (64 mM) 
medium, GABA depolarized the membrane 
(Figure 4c) in accordance with the positive shift in Cl- 
equilibrium potential; the hyperpolarization produced 
by antazoline was slightly increased (Figure 4d). 
Twenty min after return to a normal solution GABA 
hyperpolarized the membrane (suggesting some loss of 
intracellular Cl- during low CF exposure; Figure 4e) 
whereas the response to antazoline was similar to 
control (compare Figures 4b and f). Similar results 
were obtained with high concentrations of the other 
H,-antihistamine drugs. These findings suggest that 
the antihistamine-induced conductance increase was 
not dependent upon CI- and was therefore unlikely to 
involve an interaction with GABA receptors. The 
latter conclusion was supported by the finding that in 
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Figure4 Effect on the membrane potential and conductance changes produced by p-aminobutyric acid 
(GABA, 10 uM, filled bars) and antazoline {1 mM, open bars) on changing from a normal external solution 
(686 mm Clim) to a low- CI- (64 mM) solution (Ci- replaced with isethlonate- see text). Records show 
hyperpolarizing electrotonic potentials (downward deflections) recorded at the centre of a single lobster fibre in 
response to centrally applied intracellular currant pulses (0.25 Hz; 800 ms; 1.6 x 1077A). (a) and (b) Control 
responses to GABA and antazoline, respectively, measured in normal solution. Note the slow onset/decline of 
action of antazoline and the accompanying small hyperpolarization (chart-speed was reduced by 1/3 during 
decline of responses); (c) and (d) 40 and 45 min respectively after changing to a low-Cl- solution. GABA now 
depolarized the membrane whereas antazoline produced a slightly larger hyperpolarization relative to control 
(b); (e) and (f) 20 and 25 min, respectively, after returning to a normal bathing solution. GABA now 


hyperpolarized the membrane, whereas the antazoline response was similar to control (b). 


the presence of picrotoxin, a potent GABA receptor 
antagonist (1M; see Constanti & Quilliam, 1974; 


Nistri, Constanti & Quilliam, 1974), the 
antihistamine-induced conductance change was 
unaffected. 

Frog spinal cord 


Effects of histamine on root potentials Histamine 
(3 mM) produced a slowly developing depolarization 
(0.5 to 0.7 mV) of the ventral root (onset 30 to 45 s 
after bath application) associated with an initial 
increase and subsequent decrease of the D-VRPs 


(Figure 5a-c); recovery was obtained after 20 min 
washing (Figure 5d). Histamine (3 mM) also slightly 
hyperpolarized the dorsal root (0.2 to 0.4 mV) and 
increased the V-DRPs (Figure 5f); this effect also had 
a slow onset and was reversed only after prolonged 
washing (Figure 5g). Occasionally, histamine 
produced biphasic responses (hyperpolarizations 
followed by depolarizations) of the dorsal roots. A 
noticeable property of the action of histamine on 
spinal root potentials was the tachyphylaxis which 
appeared after 3 or 4 applications of this substance. 

In order to eliminate indirect actions of histamine 
due to propagated interneuronal activity, the spinal 


ny Caney oe 


m~ rm 


AMINO ACIDS AND ANTIHISTAMINES 689 


ho. 
/ ~~ 


g 


al 


Figure 5 Effects of histamine on D-VRPs and V-DRPs of the frog spinal cord. Stimulation parameters for all the 
recordings (3 superimposed traces) were: 1 Hz; 0.1 ms; supramaximal voltage. Calibration bars: 0.5 mV 
(negativity upwards); 20 milliseconds. (a), control D-VRPs; (b) and (c) 50 s and 60 s, respectively, after the 
application of histamine (3 mm); (d), recovery after 20 min washing; (e), control V-DRPs; (f), 2 min after applying 
histamine (3 mM), note the Increased size of the V-DRPs; (g), recovery after 22 min washing. 


cord was bathed with TTX (3.1 uM; see also Evans & 
Watkins, 1975). In the presence of TTX, D-VRPs and 
V-DRPs were abolished; the drug-induced responses 
were thus seen as changes in the d.c. level of root 
polarization and represented the electrotonic spreading 
of the potential changes of motoneurones (for ventral 
root recordings) or of primary afferent terminals (for 
dorsal root recordings). In the presence of TTX, 
histamine-induced responses had the same polarity as 
those before the application of the toxin but were 
reduced in size by 50 to 60%. Antazoline (0.1 mM for 
30 min), burimamide (0.5mM for 30min) or 
picrotoxin (104M for 30 min) did not affect these 
dorsal or ventral root responses to histamine, 
irrespective of whether TTX was present. Features of 
the action of histamine on the cord were, therefore: a 
slow onset and decline rate, tachyphylaxis, weak 
indirect actions mainly via interneurones and insen- 
sitivity to H,- or H,-blockers. 


Effects of antazoline and burimamide on glutamate- 
evoked ventral root responses In the presence of 
TTX, dose-depolarization curves for glutamate, a 
putative excitatory transmitter of the afferents to 
motoneurone somata, were obtained by recording 
from a lumbar ventral root (cf. Constanti & Nistri, 
1976b). Figure 6a shows that antazoline (0.1 mM for 
30 min) had little effect on the glutamate dose- 
depolarization curve. Owing to the tissue desensitiza- 
tion following high doses of glutamate (Constanti & 
Nistri, 1976b), the small increase in the level of the 
apparent glutamate maximum in the presence of 
antazoline could not be reliably interpreted. 


In contrast, burimamide (0.5mM) produced a 
lateral shift of the glutamate curve and a reduction of 
the apparent maximum (Figure 6b). All these effects 
were reversible after washing (40—60 minutes). 


Effects of antazoline and burimamide on GABA- 
evoked dorsal root responses In the presence of 
TTX, antazoline (0.1 mM for 30 min) did not affect 
the dose-depolarization curve for GABA (the putative 
transmitter released onto the primary afferent 
terminals; Barker et al., 1975). However, burimamide 
(0.5 mM) reduced the GABA maximum and produced 
a lateral shift of the curve along the abscissa scale 
(Figure 7). Burimamide also depressed the dorsal root 
responses evoked by taurine (3 mM); thus, the 
blocking action of burimamide resembled that of 
picrotoxin on this preparation (Constanti & Nistri, 
1976a; Nistri & Constanti, 1976). 


Discussion 


On lobster muscle, all the H,-antagonists tested shifted 
the glutamate dose-depolarization curve in an 
apparently non-competitive manner but did not affect 
the GABA dose-conductance curve. These agents also 
produced a small increase in membrane conductance 
that was insensitive to picrotoxin and a membrane 
hyperpolarization relatively unaffected by a low CI- 
bathing solution. This effect was probably due to an 
increase in the passive ionic permeability of the 
membrane, possibly to Kt. In contrast, the H,- 
antagonist burimamide was a weak antagonist of both 
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Figure 6 Effect of antihistamines on the glutamate 
dose-depolarization curve recorded from the frog 
spinali cord. Ventral root recordings in the presence of 
tetrodotoxin: (TTX, 3.1 um). (a) (O) Control glutamate 
curve; (A), in the presence of antazollne (100 uM); (b) 
(O), control glutamate curve; (@), in the presence of 
burimamide (500 um), Note that (a) and (b) were 
obtained from two different cords. 


glutamate and GABA responses and did not affect the 
resting conductance. We cannot consider H,-blockers 
as specific glutamate antagonists on lobster muscle 
since the effect of aspartate was also reduced; 
moreover, the lack of selectivity of burimamide 
towards glutamate and GABA responses indicated 
that this compound was a non-selective amino acid 
antagonist on this preparation. 

On the frog spinal cord, histamine produced small 
‘and variable changes in the root potentials. The 
characteristic features for the action of histamine were: 
a slow onset and decline in rate of action compared to 
glutamate and GABA (see Constanti & Nistri, 
1976a,b) and the occurrence of tachyphylaxis. Since 
the effécts of histamine were mainly indirect and not 
antagonized by antazoline or burimamide it seemed 
unlikely that histamine had an iyz>ortant role in the 
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Figure 7 Effect of antihistamines on the y- 
aminobutyric acid (GABA) dose-depolarizatlon curve 
recorded from the frog spinal cord. Dorsal root 
recordings in the presence of tetrodotoxin (TTX, 
3.1 mM). {a} {O), Control GABA curve; (A), In the 
Presence of antazoline (100 um); {b} (O), Control 
GABA curve; (@), in the presence of burlmamide 
(600 uM). Note that (a) and (b) were obtained from 
two different cords. 


transmission processes investigated. In the presence of 
TTX, a very potent local anaesthetic agent, antazoline 
(the most powerful glutamate antagonist on lobster 
muscle with a minimal effect on resting conductance) 
did not significantly affect the glutamate or GABA 
dose-depolarization curves whereas burimamide 
depressed both curves in a seemingly non-competitive 
manner. 

It is possible that the H,-antagonists on lobster 
muscle and burimamide on the frog spinal cord were 
interfering with amino acid responses by interacting 
with receptor-coupled ionophores (or with the 
coupling mechanism between receptor and 
ionophore); however, an additional small action on 
glutamate receptor binding sites cannot be excluded. 
The effect of these antihistamine agents on the 
receptor-coupled ionophores would explain the 
apparent non-competitive depression of the glutamate 
and GABA dose-response curve. Since glutamate and 
GABA responses on crustacean muscle are largely 
mediated by Nat and CI- respectively (Takeuchi & 
Takeuchi, 1967; Onodera & Takeuchi, 1975; 


Constanti & Nistri, 1976b), the H,-antagonists might 
block glutamate-activated Nat channels in the lobster 
muscle membrane, while burimamide might be a 
weaker and rather non-selective channel-blocking 
compound. A similar proposal was made by Barker & 
Gainer (1973) and Barker (1975a,b) to explain the 
action of pentobarbitone on lobster and crayfish 
muscles. Like the H,-antihistamines on lobster muscle, 
pentobarbitone depressed the glutamate dose- 
depolarization curve in a seemingly non-competitive 
manner without effect on GABA responses. Barker 
(1975a) suggested that inhibition of the glutamate 
responses was dependent on the hydrophobic nature 
of the barbiturate molecule rather than on some steric 
factor. A similar proposal may be applicable to the 
antihistamines; however, the exact mechanism by 
which all these agents produce their effect has yet to 
be determined. 

Blockade of receptor-coupled Nat conductance 
would also explain the action of burimamide on the 
frog spinal cord where the effects of glutamate and 
GABA seem to involve in part an increase in 
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CENTRALLY INDUCED HYPOTENSION AND 
BRADYCARDIA AFTER ADMINISTRATION 

OF a-METHYLNORADRENALINE INTO THE AREA 

OF THE NUCLEUS TRACTUS SOLITARII OF THE RAT 


W. DE JONG & F.P. NIJKAMP 


Rudolf Magnus institute for Pharmacology, University of Utrecht, Medical Faculty, 


Vondellaan 6, Utrecht, The Netherlands 


1 In anaesthetized rats, bilateral injections of a-methylnoradrenaline, noradrenaline or adrenaline 
into the area of the nucleus tractus solitarii (NTS) of the brain stem caused dose-dependent decreases 
of systemic arterial blood pressure and heart rate. The effects of a-methylnoradrenaline were most 


pronounced and lasted longest. 


2 The cardiovascular effects of a-methylnoradrenaline appeared to be restricted to the medio-caudal 


part of the NTS. 


3 Prior administration of the a-adrenoceptor blocking agent, phentolamine, reversed the fall in blood 
pressure and heart rate induced by a-methylnoradrenaline into an increase. 


4 Systemic administration of atropine combined with vagotomy potentiated the inhibitory effects of 


a-methylnoradrenaline on the cardiovascular system. 


Introduction 


Evidence is accumulating for a centrally mediated 
blood pressure lowering effect of a-methyldopa (Van 
Zwieten, 1975). The metabolite which mediates the 
central effect on blood pressure is thought to be a- 
methylnoradrenaline since inhibition of central dopa- 
decarboxylase or dopamine-f-hydroxylase activity 
prevents the central hypotensive action of a- 
methyldopa (Henning & Rubenson, 1971; Day, 
Roach & Whiting, 1973; Henning, 1975; Nijkamp, 
Ezer & De Jong, 1975). Experiments in cats in which 
a-methyldopa was infused into the vertebral artery 
indicated that the main site of action may be located 
in the medulla oblongata (Henning & Van Zwieten, 
1968). Further, we have shown (Nijkamp & De Jong, 
1975), that local injection of a-methylnoradrenaline 
into the nucleus tractus solitarii (NTS) of the medulla 
oblongata caused a reduction in blood pressure and 
heart rate. Pressor doses of the peptides angiotensin or 
vasopressin were without effect. Injections or infusions 
of a-methyldopa, a-methyldopamine or a-methyl- 
noradrenaline into the cerebral ventricles of 
anaesthetized or conscious cats or rats caused 
hypotensive responses which were prevented by a- 
adrenoceptor antagonists (Heise & Kroneberg, 1972; 
Day & Roach, 1974; Finch, Hersom & Hicks, 1975). 
The present study describes the site of action of a- 
methylnoradrenaline in the NTS and compares this 
action with that of noradrenaline and adrenaline. The 
results obtained are described here in detail 
supplementing a brief preliminary report which has 


already been made (De Jong, Nijkamp & Bohus, 
1975a). 


Methods 


The experiments were performed on male Wistar 
rats (outbred stock, Wi/Cpb, Zeist) weighing 
200--240 grams. The animals were anaesthetized with 
urethane (1.25 g/kg) and placed in a stereotaxic 
apparatus (David Kopf) with the head flexed to 45°. 
The dorsal surface of the lower brain stem was then 
exposed by a limited occipital craniotomy. The obex 
(corresponding with the rostral part of the area 
postrema) was used as a stereotaxic zero. Bilateral 
injections into the NTS (0.5 mm lateral to the obex and 
at a depth of 1.0 mm) were carried out with a stainless 
steel needle (outer diameter 0.2 mm) connected via a 
polyethylene cannula with an Agia micrometer syringe 
and a Shardlow micrometer. Injections in other sites in 
the NTS and outside the NTS were also given at a depth 
of 1 mm into the brain stem. Drugs were dissolved in 
0.99% w/v NaCl solution (saline) and administered 
bilaterally in a volume of 0.6 ul over a period of 30 
seconds. Control rats received 0.61 of saline 
bilaterally. 

Blood pressure was continuously recorded from a 
permanent indwelling iliac cannula with a Statham 
transducer (Model P23AC) connected to a Grass 
polygraph. The iliac cannula had been implanted 
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under ether anaesthesia at least 24h before the 
experiment (Nijkamp et al, 1975). Heart rate was 
computed from the blood pressure pulse wave by a 
cardiotachometer (Narco Bio systems, model 
BT 1200). Bilateral vagotomy was carried out under 
ether anaesthesia at mid-cervical level 30 min before 
local injection of a-methylnoradrenaline. In 
experiments in which vagotomy was performed, 
atropine (5 mg/kg i.p.) was given at the same time. 
Drugs given intravenously were dissolved in 0.2 ml 
saline and administered into the right jugular vein. 

After termination of the experiments, the brains 
were fixed in 5% formalin. Frozen sections of 100 um 
were cut and stained with 0.1% thionine. The injection 
sites were controlled microscopically. 

Results are expressed as means + standard error of 
the mean (s.e. mean). Significance of the difference 
between values of control and treated groups was 
determined with Student’s f-test. 

The following drugs were used: (—)-adrenaline 
bitartrate (Boehringer); atropine sulphate (OPG); 
(+)-erythro-a-methylnoradrenaline hydrochloride 
(Cobrefin, Winthrop Labs.); (—)-noradrenaline 
bitartrate (Levarterenol, OPG); phentolamine 
methane sulphonate (Regitine, Ciba); urethane (OPG). 
Drug weights refer to the salts except for those of 
adrenaline, noradrenaline and a-methylnoradrenaline. 


Results 


Neither blood pressure nor heart rate changed in the 
different groups during the operative procedure. Basal 
values ranged from 99+3 mmHg to 130+5 mmHg 
and 379422 beats/min to 462+ 11 beats/min, 
respectively. 

Bilateral microinjection of 23 nmol (+)«-methyl- 
noradrenaline into the area of the NTS at the level of 
the obex caused a decrease of blood pressure and 
heart rate (Figure 1). Blood pressure and heart rate 
started to fall immediately after completion of the 
injections and reached a maximum of -33+6 mmHg 
after 5min and —66 +7 beats/min after 10 min, 
respectively. After 30 min, blood pressure was still 
significantly different from its control value (P < 0.05). 
A representative track into the area of the NTS is 
indicated in a cross section of the medulla oblongata 
at the level of the obex (Figure 2). Data from animals 
in which tracks were located more laterally or more 
medially were not used for this group. 

Unilateral injection of 23nmol a-methy]l- 
noradrenaline also caused a lowering in blood pressure 
and heart rate (maximal responses —22 + 5 mmHg and 
—59 +15 beats/min, respectively, n=8). In 
comparison with the responses after bilateral 
injections, these effects were less marked (P < 0.05 for 
the effect on blood pressure) and both blood pressure 
and heart rate returned to basal values within 20 
minutes. 
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Figure 1 Effect of bilateral Injection of a-methyl- 
noradrenaline (23 nmol) Into the area of the nucleus 
tractus solitarii on mean blood pressure and heart 
rate of anaesthetized rats and of vagotomlzed rats 
treated with atropine sulphate (5 mg/kg l.p.); (O) 
saline (n=9); (@) a-methylnoradrenaline (n=6); (W) 
a-methylnoradrenaline after vagotomy and atropine 
(n=6). 


In order to determine the effective localization in the 
NTS, the dose of 23 nmol a-methylnoradrenaline was 
applied in sixteen different sites of the medulla 
oblongata (Figure 3). The maximal blood pressure 
lowering effect occurred just caudal to the obex level, 
0.5 mm lateral to the midline (—36 + 1 mmHg). How- 
ever, between 0.5 mm rostral and 1.0 mm caudal to the 
obex a similar but less pronounced effect .on blood 
pressure was observed. The fall in blood pressure was 
associated with decreases in heart rate. All effective 
sites for the inhibitory cardiovascular effects were 
located in the NTS. 

In order to see whether adrenaline and 
noradrenaline also decrease blood pressure after 
injection into the NTS a study was undertaken to 
compare the cardiovascular effects of three different 
doses (5.8, 23, 92 nmol) of these catecholamines 
(Figure 4). The effects on blood pressure were dose- 
dependent, except for the highest dose of 
noradrenaline (92 nmol) which caused a maximal 
decrease of blood pressure of only —19 + 7 mmHg. 
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Figure 2 Cross section of the medulla oblongata at the level of the obex with photographic (lett) retiectlon of 
tracks In the area of the nucleus tractus solitarii (0.6 mm lateral, 1 mm depth). Schematic representation of 
structures is shown in the. right half of the figure. Abbreviations are according to Palkowltz & Jacobowltz 
(1974): AP=area postrema; cu=nucleus cuneatus; gr==nucleus gracllls; lo=nucleus olivaris inferior; 
NTS=nucleus tractus solitarli; rl=nucleus reticularis; ntV=nucleus tractus spinalls nervi trigemini; 
nX=nucleus originis dorsalis vagi; nXll=nucleus originis nervi hypoglossi; P=tractus cortico spinalis; 
TS = tractus solitarius; TSV =tractus spinalis nervi trigemini. 


until 5 to 10 minutes. A similar pattern was observed 


This was a significantly smaller decrease (P < 0.05) 
than that folowing 92 nmol a-methylnoradrenaline 
(—43 +4 mmHg) or adrenaline (—36 + 3 mmHg). The 
maximal decrease in blood pressure after administra- 
tion of adrenaline and noradrenaline was reached after 
2.5 to 5 minutes. However, for a-methyl- 
noradrenaline, the maximal response was not reached 


for the effects on heart rate. 

In order to study the effect of a-adrenoceptor 
blockade on the cardiovascular effects of a-methyl- 
noradrenaline, the a-adrenoceptor antagonist, 
phentolamine, was injected bilaterally into the area of 
the NTS in a dose of 23 nmol, 10 min before the local 


Table 1 Effect of bilateral Injection of a-~-methylnoradrenaline (23 nmol) Into the area of the nucleus tractus 


solltarll on mean blood pressure and heart rate of anaesthetized rats. Elther saline or phentolamine (23 nmol) 
was Injected bilaterally into the same site 10 min earlier 


Pretreatment 


Saline 


Time (min) after injection of 
a-methy/noradrenaline 


Phentolamine 
Blood pressure (mmHg) 


Pretreatment 


Saline 


Phentolamine 


Heart rate (beats/min) 


—10.0 (basal values) 127+6 (10) 115+4 (8) 3794+22 4204+22 
0 12347 12147 367417 343 +22 
1.0 -41145 +36+6** ~—~39+18 +36+412* 
2.5 Change with | ~20+4 +28+6** ~27+16 +31+15* 
5.0 aoa -3344 +1447" —19+19 +31419 

10.0 Se Guise: 2304 +845" ~7 £24 +43 424 
20.0 ~21+4 +3+7* +23+24 +69+20 
30.0 —~13+4 +4+8 +444 21 +78+19 


* P<0.05; ** P<0.01; compared to corresponding control value (saline pretreatment). Number of animals in 


parentheses. 
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Figure 3 Topographical distribution In the medulla 
oblongata of maximal mean blood pressure and heart 
rate responses to 23 nmol a-methylnoradrenaline 
injected in sixteen differant sites. Except In the 
midline, all Injections were given bilaterally, (n=5 to 
11). 


injection of 23 nmol a-methylnoradrenaline. After 
phentolamine, the fall in blood pressure and heart rate 
was prevented and even reversed to an increase, the 
maximum occurring within approximately 2 min 
(Table 1). 

Following bilateral vagotomy and intraperitoneal 
injection of atropine sulphate (5 mg/kg), 23 nmol a- 
methylnoradrenaline caused a decrease in blood 
pressure with a maximum of —55 mmHg at 5 min 
after injection (Figure 1). After 30 min, blood pressure 
was stil significantly different (P<0.01) from the 
group treated with saline only. The decrease in blood 
pressure after the parasympathetic blockade seems to 
be intensified and to reach its maximum effect faster. 
In contrast, the decrease in heart rate was reduced by 
35% in the pretreated group. 


Discussion 


These results confirm and extend our previous findings 
that a-methylnoradrenaline causes a lowering of blood 
pressure and heart rate after local injection into the 
area of the NTS (Nijkamp & De Jong, 1975; De Jong 
et al., 1975a). Only in part of the NTS directly around 
the obex were these effects observed. This area of the 
NTS has a high density of catecholaminergic 
terminals as visualized histochemically (Fuxe, 1965). 
Mimicking of the effects of the endogenous 
neurotransmitter noradrenaline by a-methy!l- 
noradrenaline in this part of the brain seems a 
possibility, since noradrenaline also causes a fall in . 
blood pressure after local application (De Jong, 1974; 
De Jong, Zandberg & Bohus, 1975b). However, a- 
methylnoradrenaline was more effective than 
noradrenaline. Because the responses to a-methyl- 
noradrenaline were more prolonged than those to 
noradrenaline or adrenaline it is tempting to speculate 
that a-methyldopa produces its inhibitory effects on 
the cardiovascular system through a-methyl- 
noradrenaline which, in the central nervous system, 
may be a more effective neurotransmitter on 
noradrenaline receptor sites. a-Adrenoceptors seem to 
be involved since phentolamine blocked the inhibitory 
effects and even reversed these effects to an initial 
increase in blood pressure and heart rate. This finding 
is in agreement with the inhibitory effect of in- 
traventricularly injected phentolamine in rats on the 
blood pressure lowering effect of a-methyldopa (Finch 
& Haeusler, 1973). The effects on cardiovascular 
functions exerted in the NTS are stereospecific since 
(+}noradrenaline was ineffective (De Jong & 
Nijkamp, 1975) and (+)-a-methylnoradrenaline in 
doses up to 200 nmol also failed to induce changes in 
blood pressure and heart rate (P. Zandberg & W. de 
Jong, unpublished observations). It is therefore likely 
that the difference in potency between (—)}a-methyl- 
noradrenaline and (~-}noradrenaline is even greater 
than the difference between the racemic mixture of a- 
methylnoradrenaline and (—}noradrenaline used in 
this study. 

The increase in blood pressure and heart rate 
observed after a-blockade might be caused by 
an effect on f-adrenoceptors since a-methyl- 
noradrenaline possesses -agonistic activity and in- 
traventricular injection of $-mimetics such as 
isoprenaline sometimes causes pressor responses and 
tachycardia (Toda, Matsuda & Shimamoto, 1969; 
Satchell, Freeman & Hopkins, 1971; Bhargava, 
Mishra & Tangri, 1972; Day & Roach, 1974). 

After atropine and vagotomy the decrease in blood 
pressure after local injection of a-methyl- 
noradrenaline into the area of the NTS is augmented. 
In unanaesthetized dogs, atropine antagonizes the 
blood pressure increase following intraventricular 
injection of acetylcholine into the brain (Lang & Rush, 
1973; Laubie, 1975) while the hypertensive response is 
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Figura 4 Effect of different doses of a-methyinoradrenaline, noradrenaline and adrenaline on mean blood 
pressure and heart rate of anaesthetized rats, (n=4 to 9): (@) 5.8 nmol: (O) 23.0 nmol: (A) 92.0 nmol. 


potentiated by physostigmine. We found a dose- 
dependent increase in blood pressure after local 
injection of 1 and 5 ug physostigmine into the area of 
the NTS (unpublished results). So the more 
pronounced decrease in blood pressure by local 
injection of a-methylnoradrenaline after atropine and 
vagotomy might be explained by an inhibition of the 
_ activation of muscarinic receptors. In fact, this 
inhibitory effect of the cholinergic system does not 
seem to be restricted to the hypotensive action of a- 
methylnoradrenaline since Laubie (1975) reported that 
in unanaesthetized dogs, stimulation of muscarinic 
receptors counteracted the decrease in blood pressure 
brought about by the centrally acting anti- 
hypertensive agent clonidine (Schmitt, Schmitt, 
Fenard & Laubie, 1973; Schmitt, 1975), while 
vertebral artery injection of atropine allowed the effect 
to reappear. 
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FURTHER EVIDENCE THAT PROSTAGLANDINS 
INHIBIT THE RELEASE OF NORADRENALINE 
FROM ADRENERGIC NERVE TERMINALS 

BY RESTRICTION OF AVAILABILITY OF CALCIUM 


P. HEDQVIST 


Department of Physiology, Karollnska Institutet, S-10401 Stockholm 60, Sweden 


1 Guinea-pig vasa deferentia were continuously superfused after labelling the transmitter stores with 
[7H]{—}-noradrenaline. Release of ([*H]-~-)}noradrenaline was induced by transmural nerve 
stimulation. 

2 Prostaglandin E, (14 nM) drastically reduced the release of [*H]-(—)noradrenaline, while tetra- 
ethylammonium (2 mM), rubidium (6 mM), phenoxybenzamine (3 uM) each in the presence or absence 
of Uptake , or , blockade, and prolonged pulse duration (from 0.5 to 2.0 ms) all significantly 
increased the release of [7H]-(—}noradrenaline per nerve impulse. 

3 The inhibitory effect of prostaglandin E, on evoked release of [%H]-(—)-noradrenaline was 
significantly reduced by tetraethylammonium, rubidium and prolonged pulse duration, whilst it was 
actually enhanced by phenoxybenzamine. This indicates that increased release of noradrenaline per 
nerve impulse does not per se counteract the inhibitory effect of prostaglandin F}. 

4 It is concluded that tetraethylammonium, rubidium and prolonged pulse duration counteracted the 
inhibitory effect of prostaglandin E, on [*H]{—}noradrenaline release by promoting calcium influx 
during the nerve action potential. The results are consistent with, and add more weight to the view that 


prostaglandins inhibit the release of noradrenaline by restriction of calcium availability. 


Introduction 

Ample experimental evidence indicates that pro- 
staglandins of the E series may control adrenergic 
neuroeffector transmission by inhibiting noradrenaline 
(NA) release evoked by nerve action potentials. Such 
an action has been regularly observed in a large 
number of isolated tissues from different animal 
species and from man, and several in vivo studies point 
to the same mechanism of action (for references see, 
Hedavist, 1970, 1976a; Wennmalm, 1971). 

NA release by nerve action potentials is critically 
dependent upon calcium ions, and it is believed that 
depolarization of the nerve terminal causes an inward 
movement of calcium which in turn promotes focal 
extrusion of NA into the junctional cleft (çf. Simpson, 
1968; Hubbard, 1970). Apparently calcium interacts 
with the inhibitory effect of prostaglandin E. Thus, 
increasing the calcium concentration in the perfusion 
medium to the cat spleen counteracts the inhibitory 
action of prostaglandin E on NA release and restores 
normal output (Hedqvist, 1970). The same interaction 
between calcium ions and prostaglandin E is also seen 
in the guinea-pig vas deferens, and in fact the 
inhibitory effect of prostaglandin E on NA release is 
progressively increased when the ambient calcium 
concentration is reduced (Hedavist, 1973, 1974a; 
Stjärne, 1973a, b). Notably, NA release by tyramine. 


which is a calcium-independent process, is not affected 
by prostaglandin E (Hedqvist, 1970). In view of the 
decisive role of calcium in the process of stimulus 
secretion coupling these observations suggest that pro- 
staglandin E inhibits NA release actually by 
restriction of calcium availability. 

The present investigation was undertaken to probe 
further into the mechanism of action of prostaglandin 
E, on adrenergic neurotransmission. Experiments 
were carried out to determine the effect of increased 
pulse duration and of administration of tetraethyl- 
ammonium (TEA) and rubidium ions on the inhibitory 
action of prostaglandin E, on NA release evoked by 
nerve stimulation in the guinea-pig vas deferens. The 
results show that any one of these treatments, 
considered to increase calcium influx during the nerve 
action potential, significantly reduces the inhibitory 
effect of prostaglandin E, on NA release. A 
preliminary account of part of the results has been 
published (Hedqvist, 1976b). 


Methods 


Guinea-pigs, weighing 500—700 g, were killed by a 
blow on the head and the vasa deferentia were isolated 
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Figure 1 Continuously superfused guinea-pig vas 


deferens, loaded with [?H]-(—-)-noradrenaline (NA). 
Inhibitory effect of prostaglandin E, (PGE,) on release 
of tracer by transmural nerve stimulation (5 Hz, 450 
pulses) at pulse durations of 0.5 ms or 2.0 ms. 
Fraction numbers= time in minutes. 


and carefully dissected free from adjacent tissue. The 
isolated preparation was incubated for 1h in Tyrode 
solution containing 10 uCi/ml of [7H]-(—)-NA (sp. act. 
5.4 Ci/mmol, N.E.N.) and was then thoroughly rinsed 
and continuously superfused in a 2 ml organ bath with 
NA-free Tyrode at a rate of 1 ml/minute. The 
composition of the solution was (mM): NaCl 136.7, 
KCI 2.7, CaCl, 1.8, MgCl, 0.5, NaHCO, 11.9, 
NaH,PO, 0.4, glucose 5.5 and ascorbic acid 0.1. The 
solution was kept at 37°C and bubbled with 5% CO, 
in O,. The preparation was electrically stimulated by 
means of platinum electrodes in the wall of the bath 
and a Grass S4 stimulator delivering trains of biphasic 
pulses (5 Hz, 0.5-2.0ms duration, 450 pulses, 
supramaximal voltage) at 10min intervals. The 
superfusate was divided into 1 min samples and the 
radioactivity was determined by counting 0.5—1.0 ml 
aliquots in a Packard liquid scintillation spectrometer 


Tabla 1  Superfused guinea-plg vasa deferentia, 
loaded with [®H]-(—)-noradrenallne (NA) and 
subjected to transmural nerve stimulation (5 Hz, 450 
pulses). Percentage increase in evoked release of 
[FH]-(-)-NA by raising the pulse duration from 0.5 to 
2.0ms, and by administration of tetraethyi- 
ammonium (2 mm) or rubidium (6 mm) (with pulse 
duration kept at 1 ms). 


% increase in evoked PH]-{-}-Na release 
Pulse duration Tetraethylammonium Rubidium 


77 +13 (5) 
P<0,01 


101 +23 {8) 
P<0.01 


165 + 12 (6) 
P<0.001 


Mean values + s.e. of 5 to 8 experiments. 


using Instagel (Packard Instr. Co.) as counting 
medium. Quenching was monitored by internal 
standards. 

The following drugs were used: desipramine hydro- 
chloride, indomethacin, (+ )}-normetanephrine hydro- 
chioride, phenoxybenzamine hydrochloride, prosta- 
glandin E, rubidium chloride and tetraethyl- 
ammonium chloride. 

Experimental data were expressed as means + s.e 
Significance was calculated according to Student’s t- 
test for paired and unpaired data. 


Results 


The superfused guinea-pig vas deferens, in which the 
NA stores were prelabelled with [7H]--)-NA, was 
transmurally stimulated (5 Hz, 0.5—2.0 ms, 450 pulses 
supramaximal voltage) at 10 min intervals. This type 
of stimulation, which specifically activates nerve 
fibres, causes an increased overflow of tracer, the bulk 
of which consists of intact [7H]{—)-NA (Hedqvist, 
1974b). 

With other stimulation parameters kept constant, 
the overflow of [3H]{—)-NA was found to vary with 
the pulse duration. Thus, increasing the pulse duration 
from 0.5 to 2.0 ms increased the overflow of [SH]-(—)- 
NA by 101% (Table 1). Prostaglandin E, (14 nM) in 
the superfusing solution, markedly and reversibly 
inhibited the overflow of [7H]{—)-NA in response to 
transmural nerve stimulation at a pulse duration of 
0.5 ms (Figure 1). The inhibition by prostaglandin E, 
remained essentially the same when this procedure 
was repeated several times. On the other hand, 
increasing the pulse duration to 2 ms significantly 
reduced the inhibitory action of prostaglandin E, on 
evoked [3H]--)-NA overflow (Figure 1 and Table 2). 

In agreement with observations on the cat spleen 
(Thoenen, Haefely & Staehelin, 1967; Kirpekar, Prat, 
Puig & Wakade, 1972), TEA (2 mM) and rubidium 
(6 mM) significantly increased the overflow of [?H]- 
(—)-NA induced by transmural nerve stimulation 
(5 Hz, 1 ms, 450 pulses) (Table 1), without affecting 
the spontaneous efflux of tracer. The enhancing effect 
of TEA and rubidium remained after combined 
treatment with desipramine (0.5m) and 
normetanephrine (1 uM), given in order to block NA 
uptake mechanisms. TEA and rubidium were also 
tested with respect to their capacity to interfere with 
the effects of prostaglandin E, on NA release. Both 
compounds were found to reduce significantly the 
inhibitory action of prostaglandin E, on [7H]{--NA 
overflow induced by transmural nerve stimulation 
(Table 2). 

Figure 2 (typical of 3 experiments) illustrates the 
inhibitory effect of prostaglandin E, on overfiow of 
PHI4—}-NA induced by transmural nerve stimulation, 
before and after administration of the a-adrenoceptor 
blocking agent, phenoxybenzamine (PB). PB (3 uM) 
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Figure 2 Continuously superfused guinea-pig vas 
deferens, loaded with [H]~-(—)~noradrenaline (NA). 
Effect of prostaglandin E, (PGE,) on release of tracer 
by transmural nerve stimulatlon (NS) (5 Hz, 1 ms, 
460 pulses) before and after phenoxybenzamine (PB) 
treatment. Fractlon numbers =time in minutes. 


markedly increased the overflow of [PH]{—-+NA 
induced by transmural nerve stimulation (5 Hz, 1 ms, 
450 pulses), but it did not reduce the inhibitory effect 
of prostaglandin E.. In fact, after PB the preparation 
proved even more sensitive to prostaglandin E, the 
calculated inhibition being 48% and 73%, respectively 
before and after PB. After treatment with desipramine 
(0.5 uM} and normetanephrine (1 uM), PB increased 
the stimulated overflow of PH]{-}NA by 209+ 33% 
(mean+s.e., n= 4), indicating that the enhancement 
was not due to blockade of NA uptake mechanisms. 
In an additional 4 experiments, in which indomethacin 
(6 uM) was given in order to block local prostaglandin 
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formation, prostaglandin E, remained more effective 
(15+ 4%, mean+s.e., P<0.05) in inhibiting evoked 
[7HIX-}-NA overflow after PB treatment. 


Discussion 


The present study showed that prolongation of the 
pulse duration or administration of TEA or rubidium 
ions significantly depressed the inhibitory effect of 
prostaglandin E, on [7H](—)}-NA release induced by 
transmural nerve stimulation in the guinea-pig vas 
deferens. In addition, these treatments significantly 
enhanced the evoked overflow of [SH]{—}NA, as 
previously shown for TEA and rubidium in the cat 
spleen (Thoenen ef al., 1967; Kirpekar et al., 1972). It 
appears likely that this enhancement actually means 
increased NA release per nerve impulse rather than 
altered disposition of released transmitter. Thus, the 
effect of TEA and rubidium remained after blockade 
of NA uptake mechanisms. Moreover, it has been 
shown that the tracer overflowing from the vas 
deferens in response to transmural nerve stimulation in 
the absence of drug treatment consists almost wholly 
of intact [7H]4{-)-NA (Hedqvist, 1974b). 
Considerable circumstantial evidence suggests that 
E prostaglandins inhibit adrenergic neurotransmission 
by reducing the influx of calcium necessary for the 
ultimate extrusion of NA into the junctional cleft. 
Thus, the inhibitory action of prostaglandin E varies 
inversely with the ambient calcium concentration 
(Hedqvist, 1970, 1973, 1974a; Stjärne, 1973a, b). On 
the other hand, NA release by tyramine, which is a 
calcium-independent process, is unaffected by pro- 
staglandin E (Hedqvist, 1970). It is also worth 
noticing that the inhibitory action of prostaglandin E 
on NA release per nerve impulse is diminished by 
increasing the pulse frequency (Hedqvist, 1973; 
Stjärne, 1973c; Frame & Hedqvist, 1975), and 
shortening the pulse interval is considered to leave 


Table 2 Superfused guinea-pig vasa deferentia, loaded with [°H]-(-/noradrenaline (NA) and subjected to 
transmural nerve stimulation (6 Hz, 1 ms, 450 pulses). Effect of increased pulse duration, administration of 
tetraethylammonlium (TEA) (2 mM), or rubidium (8 mm) on Inhibitory action of prostaglandin E, (PGE,, 14 nm) 


on evoked [?#H}-(—)-NA release. 


No. of Drug Pulse 
expts treatment duration 
{ms} 
0 0.5 
3 0 2.0 
5 0 1.0 
Rubidium 1.0 
5 0 1.0 
TEA 1.0 


Mean values + 3.6. of 5 to 8 experiments. 


Inhibition Paired 
by PGE, difference 
(%) (96) 
61.2+7.2 
38.0+6.6 23.2+4.7 P<0.01 
56.94+5.0 
41,.245.7 15.7 +42.8 P<0.01 
52.4 + 4.2 
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more residual calcium at the active releasing sites in 
the axon (Katz & Miledi, 1968). In addition, pro- 
staglandin E has been reported to inhibit the uptake of 
calcium into membranes, and also to facilitate its 
efflux from membranes (Ramwell & Shaw, 1970; 
Alm, Efendic & Löw, 1970; Kirtland & Baum, 1972; 
Carafoli & Crovetti, 1973). 

Increased release of transmitter by prolonging the 
nerve action potential has been considered due to 
more calcium entering the axon (Katz & Miledi, 
1967a, b; Hubbard, 1970). Evidently, TEA and 
rubidium ions also prolong the nerve action potential 
(Koketsu, 1958; Baker, Hodgkin & Shaw, 1962), and 
their enhancing effect on evoked NA release may 
likewise be explained in terms of an action on calcium 
influx. 

Kirpekar et al. (1972) have, as an alternative, 
explained enhanced NA release by TEA and rubidium 
as a result of their capacity to inactivate potassium 
channels (cf. Katz & Miledi, 1969), assuming that the 
outward movement of potassium during the nerve 
action potential controls the release of NA by modu- 
lating the calcium entry into the axon. However, there 
seems to be little independent evidence to suggest 
that TEA and rubidium interact with prostaglandin E, 
at the level of the potassium channels. In the 
experiments of Kirpekar et al. (1972), TEA, 1 and 
10 mM, were found to cause the same and maximal 
enhancement of NA release. Supposedly, this means 
complete inactivation of the potassium channels, as is 
the case in cholinergic nerves (Hille, 1967; Katz & 
Miledi, 1969). Yet, in the present experiments pro- 
staglandin E, was able to cause a marked inhibition of 
evoked NA release in the presence of 2 mM TEA. It 
has also been shown that prostaglandin E, markedly 
inhibits the release of NA evoked by high potassium 
(Stjärne, 1973d). Therefore, the effect of TEA and 
rubidium, like that of increased pulse duration, on pro- 
staglandin E.-induced inhibition of NA release seems 
to be best explained in terms of an action on the 
calcium gates allowing more calcium to enter the 
axon. 

Admittedly, increased pulse duration or administra- 
tion of TEA or rubidium could counteract the 
inhibitory action of prostaglandin E, secondarily to 
the increased release of NA per nerve impulse. This 
possibility was ruled out by the finding that PB, which 
increased the overflow of NA as efficiently as any of 
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THE EFFECT OF DIBUTYRYL CYCLIC ADENOSINE- 
3',5’-MONOPHOSPHATE ON PROTEIN SECRETION 
FROM THE RAT EXOCRINE PANCREAS in vitro 


D. FAST' & A. TENENHOUSE 


Department of Pharmacology and Therapeutics, McGill University, Montreal, Quebec, Canada 


1 The mechanism by which dibutyryl cyclic adenosine-3'-5'-monophosphate (dibutyryl cyclic AMP) 
potentiates the secretory effect of carbachol in rat exocrine pancreas was investigated. 

2 Dibutyryl cyclic AMP potentiated the secretory effect of carbachol only at carbachol con- 
centrations 510-7 mol/l; was independent of carbachol at concentrations >10-7 mol/l and was 
inversely proportional to extracellular [Ca?*]. 

3  Carbachol increased and dibutyryl cyclic AMP reduced the rate of **Ca efflux from the tissue. 
4 A-23187 stimulated *H-protein release in the presence of Ca% and this effect was potentiated by 
dibutyryl cyclic AMP; the degree of potentiation was inversely proportional to extracellular [Ca?*]. At 
10-3 mol/l [Ca?+] the potentiation occurred only at ionophore concentrations < 10-6 mol/litre. 

5 These. results support the hypothesis that dibutyryl cyclic AMP potentiates the effect of 
secretagogues in rat exocrine pancreas by maintaining an elevated intracellular calcium concentraion. It 
does so by inhibiting Ca?+ efflux. The results also suggest that the limiting factor in carbachol-stimulated 


secretion, at all concentrations of carbachol, is intracellular [Ca?+]. 


Introduction 


The precise mechanism of hormone-stimulated 
enzyme secretion from the exocrine pancreas is not 
yet known but there is little doubt that a critically 
important element in this process is calcium (Hokin, 
1966; Robberecht & Christophe, 1971; Heisler, Fast 
& Tenenhouse, 1972; Case & Scratcherd, 1972). The 
most convincing recent evidence is the demonstration 
by Eimerl, Savion, Heichel & Selinger (1974) and 
Williams & Lee (1974) that ionophore A-23187, in the 
presence of calcium, stimulates amylase secretion 
from the rat exocrine pancreas in vitro. The 
involvement of cyclic nucleotides in this process is still 
controversial, however the bulk of evidence suggests 
that cyclic adenosine-3’,5’-monophosphate (cyclic 
AMP) is not involved in either acetylcholine or 
pancreozymin-stimulated enzyme secretion (Benz, 
Eckstein, ‘Matthews & Williams, 1972; Case & 
Scratcherd, 1972; Heisler et al., 1972). It has been 
suggested that cyclic GMP mediates the effects of 
acetylcholine in some tissues (Goldberg, O'Dea & 
Haddox, 1973) including the exocrine pancreas 
(Robberecht, Deschodt-Lanckman, De Neef, Borgeat 
& Christophe, 1974) but the evidence that this 
nucleotide plays a role in secretion from this tissue is 
preliminary. 


! Present address: Pathophysiologische Institut, Universitat 
Bern, Bern, Switzerland. 


Heisler et al. (1972) reported that dibutyryl cyclic 
AMP was itself a poor secretagogue in the rat 
exocrine pancreas but that it potentiated the secretory 
effect of carbachol. This effect was seen at carbachol 
concentrations that were optimum for secretion and 
was dependent on extracellular calcium. To explain 
these observations we proposed that activation of 
secretion requires an elevation of cytoplasmic ionized 
calcium. This has been suggested by many in- 
vestigators for a number of secretory systems 
(Douglas, 1968; Rasmussen & Tenenhouse, 1968; 
Rasmussen, 1970; Rasmussen, Goodman & 
Tenenhouse, 1972) and is now widely accepted. In the 
case of cholinomimetic secretagogues in the exocrine 
pancreas the rate limiting factor at optimum con- 
centration of secretagogue is the concentration of 
cytoplasmic ionized calcium. Dibutyryl cyclic AMP 
potentiates the activity of these secretagogues by 
conserving cytoplasmic Ca?+, probably by inhibiting 
those processes which remove Ca?’ from the 
cytoplasm. The experiments described in this paper 
were designed to test this hypothesis. 


Methods 


Female Wistar rats weighing 225 to 250g were 
anaesthetized with ether and killed by decapitation. 
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Figure 1 
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The effect of varying the concentration of carbachol on tritiated protein release from rat pancreas 


pieces in the presence (A) or absence (@} of 10-7 mol/l dibutyryl cyclic AMP. EGTA (5 x 10-*® mol/) plus (a) 
5x 107% mol/l Ca?+, (b) 5x10 mol/l Ca?t or (c) 5x10 moli Ca?t was present in the Krebs-Ringer 
bicarbonate buffer as described In the text. Each point Is the mean of at least five experimental values; standard 


errors are indicated by the vertical lines. 


The pancreases were quickly removed and placed in 
ice-cold Krebs-Ringer bicarbonate buffer of the 
following composition (mM): NaCl 118.5, KCl 4.75, 
MgSO, 1.2, KH,PO, 1.2, and NaHCO, 25.0. 
Calcium (CaCl) and EGTA (ethylene glycol bis (6- 
aminoethyl ether)-N, N’-tetraacetic acid) were added 
as indicated in the results section. The buffer also 
contained 10 mM glucose and L-amino acids (with the 
exception of leucine) in concentrations recommended 
by Eagle (1959). 

The tissue was trimmed free of adherent fat and 
connective tissue in chilled (ice-cold) Krebs-Ringer 
bicarbonate buffer and minced with scissors into 5 to 
15 mg pieces. The proteins of pancreatic zymogen 
granules were labelled with (?H]-leucine as described 
by Jamieson & Palade (1967) and the release of 
radioactive proteins from the pancreas measured as 
described previously (Heisler et al., 1972). 

For investigations of *°Ca efflux, the pancreatic 
pieces were first incubated for 90 min in Krebs-Ringer 
bicarbonate buffer containing 0.5 pCi/ml “Ca and 
sufficient non-radioactive CaCl, to make the final 
calcium concentration 10~ mol/litre. The tissue and 
medium were filtered through cheesecloth and the 
tissue washed with Krebs-Ringer bicarbonate buffer. 
The pancreas pieces were divided into 180 to 200 mg 
portions; these were transferred to flasks of buffered 
medium containing 10~* mol/l non-radioactive Ca?*, 
7.5 x 10-5 mol/l EGTA, and the stimulating agent(s) 
to be tested in a final volume of 3 ml. Aliquots (10 pl) 
of medium were removed at various times and the 
radioactivity determined in a liquid scintillation 
counter. At the end of the incubation the tissue was 
solubilized in NCS and an aliquot counted to 
determine the tissue content of “Ca. Results are 
expressed as the percentage of total tissue “Ca 
released into the medium. 


Each experiment was done at least three times. 
Results are given for typical experiments or as the 
mean of several (at least five) experiments plus or 
minus the standard error. The significance of 
differences was determined using Student’s test. The 
ionophore A-23187 was a gift of Dr R.L. Hamill, Lilly 
Research Laboratories, Lilly & Co., Indianapolis, 
Indiana, U.S.A. 


Results 


The effect of varying extracellular calcium concentra- 
tion on tritiated protein secretion from the pancreas 
was studied at various carbachol concentrations, using 
carbachol alone or in combination with dibutyryl 
cyclic AMP 10° mol/litre. Based on the results of 
previous experiments (Heisler et al., 1972) three con- 
centrations of calcium were chosen for these 
experiments: 5 x 10-* mol/l Ca”, at which concentra- 
tion carbachol alone did not significantly stimulate 
secretion; 5 x 107° mol/l, the lowest Ca? concentra- 
tion at which carbachol-dependent secretion could be 
detected; 5 x 10-* mol/l, at which concentration 7H- 
protein release caused by carbachol was near 
maximum. The results of these experiments, shown in 
Figure 1, give the per cent of total *H-protein released 
into the medium by the tissue as a function of the 
carbachol concentration. 

At concentrations of carbachol less than 107-7 mol/l 
there was no stimulation of radioactive protein release 
at any of the calcium concentrations tested. In 
combination with dibutyryl cyclic AMP 10-3 mol/, 
carbachol 10-7 mol/l or less did not increase °H- 
protein release above that caused by the cyclic 
nucleotide alone; i.e., there was no effect of carbachol 
plus dibutyryl cyclic AMP until the carbachol con- 
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Figure 2 The degree of potentiation of carbachol 
(CCh)-stimulated ?H-proteln release from rat 
pancreas by dibutyryl cyclic AMP (dbc AMP) at three 
[Caž+], 5 x 1078, 5 x 10 and 6 x 107-4 mofl/litre. 


centration was greater than 10-77 mol/litre. Carbachol 
(5x 1077 mol/l) stimulated H-protein release at 
5x105 mol/l Ca?’t to 7.3% (P<0.05 compared to 
non-stimulated release) and at 5x 10~* mol/l Ca** to 
9.6% (P<0.01). Tritiated protein release caused by 
any of the concentrations of carbachol used in the 
absence of dibutyryl cyclic AMP was not significantly 
different from non-stimulated release at 5 x 1076 mol/l 
Ca?+. Also at 5 x 10-7 mol/l carbachol and at all three 
concentrations of calcium tested, the stimulatory 
effect (% total H-protein minus % total *H-protein 
released in control) of carbachol plus dibutyryl cyclic 
AMP was greater than the sum of the stimulatory 
effects of the individual agents. At 5x 1075 mol/l 
Ca*+, for example, the stimulatory effect of 
5 x 10-7 mol/l carbachol was 0.8%, that of 10-3 mol/l 
dibutyryl cyclic AMP was 2.0% and the stimulatory 
effect of carbachol plus dibutyryl cyclic AMP was 
8.0%. 

Figure 2 illustrates the degree of potentiation of 
carbachol-dependent *H-protein secretion caused by 
dibutyryl cyclic AMP 10-3 mol/litre. This value was 
calculated from the results given in Figure | to 
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Figure 3 The degree of potentiation of carbachol 
{CCh}-stlmulated #H-protein release from rat exocrine 
pancreas by dibutyryl cyclic AMP {dbc AMP, 
107? mol/l) as a function of carbachol concentration, 
[Ca?+], 10 molfltre. 


determine whether the degree of potentiation was a 
function of the concentration of carbachol and/ 
or calcium. The value (CCh+dbcAMP),, the 
experimental value for H-protein release caused by 
carbachol plus dibutyryl cyclic AMP, was the per cent 
of *H-protein release caused by carbachol plus 
dibutyryl cyclic AMP minus 7H-protein release with 
no added stimulus, i.e. the stimulatory effect of 
carbachol plus dibutyryl cyclic AMP. The theoretical 
value for secretion caused by carbachol and dibutyryl 
cyclic AMP (the sum of their individual effect), 
(CCh+dbcAMP),, was calculated by adding the 
stimulatory effect of carbachol alone to that of 
dibutyryl cyclic AMP alone. The degree of 
potentiation was calculated from the formula: 


(CCh + dbe AMP),— (CCh+ dbe AMP), 
/((CCh + dbc AMP), 


The degree of potentiation was calculated at 10-° 
and 10~* mol/l carbachol and at 5 x 10-°, 5 x 10-5 and 
5x10 mol/l calcium. At 5x106 mol/l Ca?+ the 
degree of potentiation was 4.5 and 3.5 for 10-6 mol/l 
and 10-* mol/l carbachol respectively; at 
5x 10-5 mol/l Ca?+ it was 1.2 and 1.4 for these con- 
centrations of carbachol; at 5 x 10-4 mol/l Ca?+ it was 
0.5 and 0.9. 

In Figure 3 the degree of potentiation, as a function 
of carbachol concentration is illustrated. In these 
experiments the extracellular Ca?+ and the dibutyryl 
cyclic AMP concentrations were 10-7% mol/l and the 
carbachol concentration varied between 107’ 
and 10 mol/litre. As can be seen the degree of 
potentiation which is zero at 10-7 mol/l carbachol, 
increased to 0.88 as the carbachol concentration 
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Figure 4 The effect of 10 mol/l dibutyryl cyclic 
AMP (A), 107-® mol/l carbachol! (W) or the combination 
of carbachol plus dibutyryl cyclic AMP (O} on the rate 
of “Ca efflux from rat pancreas pleces {contro =: @). 
Each point is the mean of at least five separate 
experimental values; standard errors are Indicated by 
the vertical lines. Detalls are given in the text. 


increased to 5x105 mol/litre. Further increase in 
carbachol concentration had no effect on the degree of 
potentiation. 

The rates of uptake and release of “Ca from 
pancreatic cells was measured to evaluate the role of 
calcium transport in protein secretion stimulated by 
carbachol or dibutyryl cyclic AMP. No difference in 
the rate of radioactive calcium uptake was observed 
when carbachol (1075 mol/l), dibutyryl cyclic AMP 
(10-3 mol/l) or a combination of the two agents was 
added to the medium (unpublished observation). 

Efflux of “Ca from prelabelied tissue was measured 
as described in the Methods section, and the results of 
these experiments are shown in Figure 4. 

Carbachol alone or a combination of carbachol 
plus dibutyryl cyclic AMP caused a significant 
increase in “Ca efflux (P <0.05 compared to control 
values) as early as 2 min after the addition of the 
stimulus. At 2 min “Ca efflux caused by carbachol 
was 23.0% and efflux caused by carbachol plus 
dibutyryl cyclic AMP was 21.8%; control efflux was 
16.8%. Dibutyryl cyclic AMP alone decreased the 
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Figure 5 The effect of atropine on carbachol, or 
carbachol plus dibutyryl cy¢lic AMP, stimulated Ca 
efflux from rat pancreas pieces. (@) Control; (a) 
carbachol 10-* mol/l; (O) carbachol+ dibutyryl cyclic 
AMP 107? mol/l; (A) carbachol + atropine 10-* mol: 
(0) carbachol + dibutyryl cycllc AMP + atropine. 


amount of “Ca released into the medium. This effect 
of dibutyryl cyclic AMP became significant (P < 0.05) 
after 25 min of stimulation, when efflux caused by 
dibutyryl cyclic AMP was 45.4% and control efflux 
was 50.0%. Although radioactive calcium efflux 
caused by carbachol plus dibutyryl cyclic AMP was 
always less than that with carbachol alone, this 
difference was not statistically significant if each time 
point was regarded as a separate entity. However the 
probability that twelve points for “Ca efflux caused 
by carbachol plus dibutyryl cyclic AMP would be less 
than thirteen points for *°Ca efflux with carbachol 
alone due entirely to chance, was less than 0.002 using 
Binomial Theorem. The combination of carbachol 
plus dibutyryl cyclic AMP, therefore, was having a ` 
significantly different effect from carbachol alone on 
the efflux of “Ca. Radioactive calcium efflux reached 
a plateau after 40 min for both control and stimulated 
efflux. Efflux at 40 min was 55.1% of total *Ca for the 
control, 49.5% for dibutyryl cyclic AMP, 66.0% for 
carbachol and 62.4% for carbachol plus dibutyryl 
cyclic AMP. Figure 5 shows that the effects of 
carbachol and carbachol plus dibutyryl cyclic AMP 
on ‘5Ca efflux are abolished by atropine 
(10-* mol/litre). 

The ionophore A-23187 is believed to insert itself 
into cell membranes and act as a freely mobile carrier 
to equilibrate the concentration of divalent cations, 
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Figure 6 The effect of A-23187 on the release of 
H-labelled protein from rat exocrine pancreas in the 
absence (@) and presence (O) of dibutyryl cyclic AMP 
(10-3 mol/Itre). 


particularly Ca*+, across these membranes (Reed & 
Lardy, 1972). The effects of A-23187 on protein 
secretion from the exocrine pancreas was studied; 
results are shown in Figure 6. EGTA (5 x 10-5 mol/)) 
was present during both the 60 min chase and the 
60 min incubation with the stimulus. 

As the ionophore is insoluble in water, it was 
dissolved in 100% ethanol and diluted 1:100 with 
incubation buffer. Ethanol (1%) did not affect control 
release of *H-protein nor radioactive protein release 
caused by 1073 mol/l dibutyryl cyclic AMP alone. 
Protein release caused by A-23187 or A-23187 plus 
dibutyryl cyclic AMP was maximal at a calcium con- 
centration of 107? mol/l (see Figure 8). At this con- 
centration of calcium, the stimulatory effect (% total 
3H-protein released minus % total H-protein released 
in control) of 5 x 10-7 mol/l A-23187 was 8% and that 
of 5x 10-* mol/l A-23187 was 21%. The stimulatory 
effect of dibutyryl cyclic AMP plus 5x 10-7’ mol/l 
A-23187 was 25% at 10-3 mol/l Ca?+; that of 
dibutyryl cyclic AMP plus 5x10 mol/l A-23187 
was 35%. The stimulatory effect of dibutyryl cyclic 
AMP alone at 107? mol/l Ca? was 8%. Thus the 
experimental value for the stimulatory effect of 
dibutyryl cyclic AMP plus either concentration of A- 
23187 was approximately 1.5 times the sum of the 
individual stimulatory effects of the two agents, i.e. 
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Figure 7 The degree of potentiation of A-23187- 
stimulated ?H-proteln release from rat pancreas by 
dibutyryl cyclic AMP (dbcAMP) as a function of 
A-23187 concentration in presence of [Ca?+] 
1073 mol/itre. 


dibutyryl cyclic AMP potentiated the secretory effect 
of A-23187. The degree of potentiation as a function 
of A-23187 concentration was calculated and the 
results illustrated in Figure 7. In contrast to that seen 
when carbachol was the secretagogue (Figure 3) the 
degree of potentiation of A-23187 dependent secretion 
by dibutyryl cyclic AMP was maximal and constant 
(approximately 0.5) at low secretagogue con- 
centrations (10-7 to 10 mol/]) and decreased rapidly 
to a minimal value of 0.045 as the concentration of A- 
23187 was increased from 10-* to 10-5 mol/litre. 

The effect of A-23187 on H-protein release from 
pancreas pieces as a function of Ca?+ concentration is 
illustrated in Figure 8. When extracellular Ca*+ con- 
centration was less than 10~* mol/l A-23187 (5 x 1077 
or 5 x 10-76 mol/l) had no effect on *H-protein release. 
As the extracellular Ca** concentration increased 
A-23187-dependent release of H-protein increased to 
a maximum at 10-3 mol/l Ca?+. This concentration of 
Ca*+ was optimum for both concentrations of 
A-23187 tested (5 x 10-7 and 5x10 mol/litre). The 
potentiation of A-23187-dependent protein release by 
dibutyryl cyclic AMP was also Ca*+-dependent and 
optimum at 10-3 mol/l Ca?+. Using the data in Figure 
8 the degree of potentiation was calculated to 
determine whether it was a function of the concentra- 
tion of A-23187 and/or calcium. The results are 
illustrated in Figure 9. In contrast to carbachol (see 
Figure 2) the degree of potentiation of A-23187- 
dependent protein release decreased when the con- 
centration of the ionophore was increased; this 
occurred at 5 x 10~ or 10-3 mol/l Ca*+. The degree of 
potentiation was also inversely related to the Ca?+ 
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Figure 8 The effect of A-23187 5x107” or 
5 x 10-* mol, In the presence or absence of dibutyryl 
cyclic AMP 10-3 mol, on ?H-labelled protein release 
from rat pancreas pieces as a functlon of the con- 
centration of extracellular calcium. EGTA 
(5x107% mol/l} and the desired concentration of 
calcium were present In the Krebs-Ringer 
bicarbonate buffer as indicated. The data are from 
one representative experiment: (@) 1% ethanol: 
(O) 1% ethanol+dibutyryl cyclic AMP 10° mol/: 
(E) A-23187, &x10-? mol/l; (0) A-23187, 
5 x 107? molA+dibutyryl cyclic AMP; (A) A-23187, 
5x1078 mol/l; (A) A-23187, 6x10-* mol/l+ 
dibutyryl cyclic AMP. 


concentration, ie. as the Ca?t concentration was 
increased the degree of potentiation decreased. 


Discussion 


The studies described in this paper were designed to 
elucidate the mechanism by which dibutyryl cyclic 
AMP potentiates the secretory effect of carbachol and 
specifically to test the hypothesis that dibutyryl cyclic 
AMP acts by maintaining intracellular calcium con- 
centration at a level which is optimum for secretion. 
When protein secretion was stimulated by carbachol 
the absolute amount of radioactive protein released 
depended on the concentration of extracellular 
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Figure 9 The degree of potentiation of A-23187- 
stimulated ?H-protein release from rat pancreas by 
dibutyryl cyclic AMP (dbcAMP) at two [Ca?+], 
5 x 10+ mol/l {open columns) and 1073 mol (closed 
columns). 


calcium as well as on the concentrations of carbachol 
and dibutyryl cyclic AMP. The degree of potentiation 
of the carbachol effect by dibutyryl cyclic AMP 
however, was independent of the concentration of 
carbachol at carbachol concentrations greater than 
10-7 mol/l; that is, once the carbachol concentration 
was sufficient to stimulate secretion on its own the 
degree of potentiation depended only on the con- 
centration of extracellular calcium and was inversely 
related to it. This relationship is predicted from the 
proposal that the limiting factor in carbachol 
stimulated secretion at all concentrations of carbachol 
is the cytoplasmic [Ca?+] and that dibutyryl cyclic 
AMP acts by conserving and/or mobilizing in- 
tracellular Ca?+. 

Further evidence that dibutyryl cyclic AMP was 
acting by conserving intracellular Ca*+ was obtained 
from the investigation of “Ca flux between the tissue 
and incubation medium. Increased calcium influx into 
the acinar cell does not appear to be a major 
component of enzyme secretion initiated by 
cholinomimetic drugs (Matthews, Petersen & Williams, 
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1973), a conclusion which is supported by our results. 

In our studies it was found that enzyme secretion 
from rat exocrine pancreas caused by carbachol or 
carbachol plus dibutyryl cyclic AMP was associated 
with an increased “°Ca efflux. Similar results have 
been reported by others (Case & Clausen, 1973; 
Heisler & Grondin, 1973; Matthews et al, 1973). 
Although “Ca efflux and enzyme secretion were 
stimulated in a similar dose-dependent fashion by 
carbachol, radioactive calcium efflux was not directly 
related to protein secretion; the greatest amount of 
protein release occurred with carbachol plus dibutyryl 
cyclic AMP but the largest efflux of *°Ca was caused 
by carbachol alone. This suggests that the zymogen 
granules are not the major or sole source of this Ca?+ 
and thus implicates some other intracellular pool. 
These experiments also suggest that cholinomimetic 
drugs are able to mobilize Ca?+ from some in- 
tracellular pool(s). 

Dibutyryl cyclic AMP plus carbachol decreased the 
rate of “Ca efflux to less than that caused by 
carbachol alone, and dibutyryl cyclic AMP alone 
decreased the rate of “Ca efflux to less than control 
values. Dibutyry! cyclic AMP is thus able to conserve 
intracellular Ca’+, and this action is independent of 
activation of the secretory process by carbachol. 

Although the source of the increased intracellular 
calcium has not been firmly established for any 
secretory system, Borle (1973) showed that in many 
cells a likely source is the mitochondria. Because of 
the number of mitochondria and the rapid rate of 
movement of Cat across the mitochondrial 
membrane, this organelle can quickly increase or 
decrease the concentration of cytoplasmic ionized 
Cat in amounts which are believed necessary for 
physiological processes. Borle (1974) has also 
suggested that cyclic nucleotides may directly control 
uptake and release of Ca?t by mitochondria in some 
cells, thereby controlling the Ca** concentration in the 
cytoplasm. In our experiments dibutyryl cyclic AMP 
cannot be only mobilizing Ca**+ from intracellular 
stores since this would result in an increased rate of 
45Ca efflux from the cell, whereas a decrease in “Ca 
efflux is actually observed. The primary action of 
dibutyryl cyclic AMP, therefore, must be to maintain 
cytoplasmic ionized calcium by inhibiting efflux of 
Ca” from the cytoplasm to the extracellular space 
and perhaps inhibiting ‘efflux’ from the cytoplasm into 
storage organelles. This suggests that the inability of 
dibutyryl cyclic AMP itself to stimulate secretion is 
due to the fact that this nucleotide does not promote 
Ca? mobilization from intracellular stores but can 
only maintain an elevated cytoplasmic Ca*+ con- 
centration caused by some other mechanism. 

This conclusion leads to the prediction that in any 
situation where the limiting factor in secretion is the 
cytoplasmic calcium concentration and where the 
secretagogue does not act by inhibiting those 


processes which remove calcium from the cytoplasm, 
dibutyryl cyclic AMP should potentiate the effect of 
the secretagogue. This prediction was tested with the 
ionophore A-23187 as the secretagogue. Reed & 
Lardy (1972) showed that this compound inserted 
itself into the mitochondrial membrane and acted as a 
carrier of divalent cations in the direction of the con- 
centration gradient. Eimerl et al. (1974) have shown 
that this ionophore causes the release of amylase from 
exocrine pancreas and that this effect is dependent on 
extracellular [Ca*+]. If the action of the ionophore is 
specific then one must conclude that simply increasing 
the intracellular concentration of calcium is sufficient 
to initiate the process of amylase secretion. The con- 
centration of intracellular calcium is determined by the 
difference between the rate of movement of calcium 
into the cell and the rate of movement of calcium out 
of the cell. In the presence of A-23187 calcium influx 
is essentially a function of [A-23187] x [Ca*+],, and 
calcium efflux is the sum of [A-23187] x [Ca*+]; plus 
the contribution of the physiological calcium efflux 
processes. When the concentrations of ionophore and 
calcium are small the contribution of the physiological 
mechanisms of calcium extrusion (Calcium pump’) 
are maximized and therefore any agent which inhibits 
this pump would contribute maximally to maintaining 
a greater intracellular calcium concentration. The 
contribution of this ‘pump’ is minimized as the 
ionophore concentration increases and as the extra- 
cellular concentration of calcium is increased. It 
should be noted that the Ca?+ ‘pump’ referred to here 
may be at the plasma membrane and/or at the 
membrane of any intracellular organelle. The only 
assumption is that it pumps Ca*+ out of the 
cytoplasm. One would therefore predict that if 
dibutyryl cyclic AMP potentiates the action of 
secretagogues by inhibiting this Ca*+ ‘pump’ it would 
maximally potentiate the effect of A-23187 at low 
ionophore and/or low extracellular [Ca?+] concentra- 
tion and that the degree of potentiation would vary 
inversely as the concentration of ionophore and Ca*t. 
This in fact is what was found: the potentiating effect 
of dibutyryl cyclic AMP is maximal at low ionophore 
and low extracellular Ca?+ concentrations and almost 
totally disappears at a concentration of ionophore 
of 5x10-® mol/l and extracellular [Ca?+] of 
10-3 mol/litre. These results are convincing support 
for the argument that in the rat exocrine pancreas an 
increase in cellular calcium is sufficient to initiate the 
secretion process and that dibutyryl cyclic AMP acts 
by inhibiting calcium efflux from the cytoplasm thus 
potentiating the action of secretagogues. 

One striking difference between the interaction of 
dibutyryl cyclic AMP and ionophore is that at the 
optimum extracellular calcium concentration 
dibutyryl cyclic AMP continues to potentiate the 
effect of carbachol even at carbachol concentrations 
which are 10x optimum whereas the dibutyryl cyclic 
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AMP potentiation of the A-23187 effect is almost nil 
at optimum [A-23187]. This suggests that under the 
influence of carbachol the maximum rate of 
accumulation of calcium into the cytoplasm is never 
sufficient to achieve a calcium concentration optimal 
for protein secretion, ie. the ‘cytoplasmic’ calcium 
concentration is always the limiting factor in secretion 
when carbachol is the secretagogue. 
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A COMPARISON OF AFFINITY CONSTANTS FOR 
MUSCARINE-SENSITIVE ACETYLCHOLINE 
RECEPTORS IN GUINEA-PIG ATRIAL PACEMAKER 
CELLS AT 29°C AND IN ILEUM AT 29°C AND 37°C 


R.B. BARLOW, K.J. BERRY, P.A.M. GLENTON, N.M. NIKOLAOU 


& K.S. SOH 


Departments of Pharmacology, Universities of Edinburgh and Bristol 


1 The affinity of 17 compounds for muscarine-sensitive acetylcholine receptors in atrial pacemaker 
cells and ileum of the guinea-pig has been measured at 29°C in Ringer-Locke solution. Measurements 


were also made at 37°C with 7 of them. 


2 Some of the compounds had much higher affinity for the receptors in the ileum than for those in the 
atria. For the most selective compound, 4-diphenylacetoxy-N-methylpiperidine methiodide, the 
difference was approximately 20-fold. The receptors in the atria are therefore different in structure 


from tho$ge in the ileum. 


3 The effects of temperature on affinity are not the same for all the compounds tested, indicating 
different enthalpies and entropies of adsorption and accounting for some of the difficulty experienced 


in predicting the affinity of new compounds. 


Introduction 


From measurements of the affinity constants of a 
number of compounds for muscarine-sensitive 
acetylcholine receptors in the ileum, bronchial muscle 
and iris of the guinea-pig, Barlow, Franks & Pearson 
(1972) concluded that the receptors were in- 
distinguishable. Estimates of the affinity constant of a 
compound were not significantly different for the three 
types of tissue and, when allowance is made for the 
effects of different recording conditions on the 
estimates of affinity constants (Butt, 1972), any 
differences in receptor structure, which may exist but 
cannot be detected, must be small. Although 
Arunlakshana & Schild (1959) obtained results with 
mepyramine and diphenhydramine which suggested 
that histamine receptors in ileum and respiratory tract 
were similarly indistinguishable, the findings are 
surprising in view of the different time-course of the 
responses to the agonist; bronchial muscle contracts 
very much more slowly than the ileum. They are also 
surprising in view of the marked differences which 
are found in nicotine-sensitive receptors both in 
the specificity of blocking agents and in the 
stereospecificity of nicotine itself (Barlow & Hamilton, 
1965). 

The present work describes an attempt to see 
whether the muscarine-sensitive acetylcholine 
receptors of the guinea-pig atrial pacemaker cells are 
also indistinguishable from those of the ileum. There 


were three reasons for choosing this preparation. First, 
because the agonist causes hyperpolarization in this 
tissue, compared with depolarization in the other pre- 
parations. Second, because of the discovery that there 
are differences among types of histamine receptor and 
that the H,-receptors occur in atria (Black, Duncan, 
Durant, Ganellin & Parsons, 1972). Third, because of 
the possible practical importance of drugs which 
would selectively block muscarine-sensitive 
acetylcholine receptors in the ileum more than those in 
the heart. 

For testing the actions of drugs on isolated atria it 
has been customary to work at 29°C and to use 
Ringer-Locke solution (Burn, 1952). We attempted to 
work at 37°C but found the responses to carbachol 
became erratic after an hour or two, so we reverted to 
using 29°C. We therefore also made measurements on 
the ileum at this temperature and with the same 
physiological salt solution. The values on the ileum 
were different from those previously obtained at 37°C 
in Tyrode solution and the effect of temperature 
appeared to be different for different compounds. This 
suggested that it might be possible to obtain some idea 
of the enthalpy of adsorption (AH) of the antagonist 
because 
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and hence to assess entropies of adsorption, AS, 
because 


—AG 
n= 
Boe 
and 
TAS = AH— AG 


We therefore made measurements with some of the 
compounds at 37°C in Ringer-Locke solution. 

The work falls into two parts. In the first, 
measurements were made with 10 compounds on the 
ileum and atria at 29°C in Ringer-Locke solution and, 
in the second part, measurements were also made 
simultaneously with the ileum at 37°C. In the first 
part comparisons were made of values of log K, as in 
previous work (Barlow et al., 1972), but it is possible 
that part of the error attached to them may be 
associated with the choice of the concentrations of 
antagonist tested, if the compounds are not behaving 
strictly competitively. Some antagonists are known 
which produce results consistent with competition at 
low concentrations but which are not competitive at 
higher concentrations (Abramson, Barlow, Mustafa 
& Stephenson, 1969; Lillmann, Ohnesorge, 
Schauwecker & Wasserman, 1969; Mitchelson, 
1975). Although the compounds were tested in con- 
centrations in which they seemed to be acting com- 
petitively, because the results obtained with higher 
concentrations were reasonably in agreement with 
those obtained with lower concentrations, it seemed 
desirable to perform a second group of experiments in 
which any possible bias was eliminated by testing the 
compounds at exactly the same concentration on the 
two types of preparation and comparing the dose- 
ratios. 


Methods 


The guinea-pig ileum and atria were suspended in 
Ringer-Locke solution and aerated with O, 
(Edinburgh Staff, 1972). In the first group of 
experiments hexamethonium was present in a con- 
centration of 3x 10M; in the second group the 
concentration was 2.76 x 10-*M, except in one set in 
which the hexamethonium was omitted. The 
contractions of the ileum were recorded isotonically. 
Those of the atria were recorded in the first group of 
experiments with a strain-gauge (load about 0.2 g) and 
a Devices-pen-recorder and in the second group witha 
very light spring-loaded transducer, made by Mr R.O. 
Morris, connected to a Vitatron potentiometric 
recorder. 

Drug and wash solutions were applied 
automatically. Carbachol was the agonist except in a 
few experiments with acetyl-8-methylcholine. For the 


„_ atna the agonist was given once every 16 min and 


a 
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allowed to act for 3min in the first group of 
experiments and for 4 min in the second group, and 
then washed out. The preparation was washed again 
5min later. The time required for 50 beats was 
measured with a stopwatch at frequent intervals and 
the effect of the agonist was expressed as the 
percentage increase in time, calculated from the value 
at the end of the application of the agonist and the 
value just before its application. The size of the 
contractions was nearly always reduced much more 
than the rate and the dose-effect curves were usually 
steep; quite a small increase in concentration was 
sufficient to increase the effect from slight slowing to 
apparent arrest of the atria, with any contractions 
being too small to be counted. After a control period 
in which responses were obtained with low and high 
doses of agonist (often 2 and 4 x 1077M carbachol) the 
preparation was exposed to the concentration of 
antagonist and responses obtained with increased con- 
centrations of agonist. Because of the long time 
interval necessary between doses of agonist, the 
calculation of the dose-ratio was usually based on two 
pairs of control responses (to low and high con- 
centrations of agonist) and two pairs after the action 
of the antagonist. 

The experiments on the ileum were performed 
exactly as described previously, with the agonist 
allowed to act for 30s and given once every 90s 
(Barlow, Franks & Pearson, 1973). The concentration 
of agonist needed to obtain suitable control responses 
{often 1 and 2x 1077M) was similar to that used in the 
experiments with the atria. 

With some compounds the responses of the ileum to 
the agonist in the presence of the antagonist became 
regular within a few minutes but with the more potent 
compounds tested in very dilute solution it was often 
necessary to wait 20 min and even up to 40 min in 
some instances. A similar time interval was allowed in 
the experiments on the atria. Usually it seemed to be 
sufficient to ignore the first response obtained in the 
presence of the antagonist (after about 12 min 
exposure) and to use subsequent responses (after 
about 28 min exposure) which seemed to be regular, 
but with the most potent compounds the interval was 
lengthened to 40 minutes. 

Each antagonist was tested in the same concentra- 
tion on the ileum as on the atria and usually the same 
dose-ratio was tried initially. With nearly all the 
compounds it was clear that the dose-ratios were 
different for the two preparations and the con- 
centrations of agonist were altered in order to measure 
the dose-ratio as accurately as possible. The initial 
dose-ratio tested on the ileum at 37°C in the second 
group of experiments was calculated from the 
published values of log K (in Tyrode solution) and 
subsequently adjusted when necessary. In the first 
group of experiments each antagonist was tested in at 
least two concentrations and the dose-ratios were used 


to calculate affinity constants. The result was 
expressed as the mean estimate of log K+ standard 
error based on the number of preparations used, as in 
previous work (Abramson et al., 1969). In the second 


group of experiments only one concentration of each- 


antagonist was tested. Mean estimates of the dose- 
ratio were calculated and the effect of changing 
temperature or changing tissue expressed as the ratio 
of the values of dose-ratio —1. The logarithm of this 
ratio should be the same as the difference in values of 
log K. 

The temperatures at which the experiments were 
carried out, 29°C and 37°C, are subject to errors in 


Tabie 1 


ANTAGONISTS AND RECEPTOR STRUCTURE 615 


measurement and control which may be as big as 
+0,5°C, 


Compounds 


Carbachol, hexamethonium bromide and acetyl-{- 
methylcholine chloride were obtained from Koch- 
Light Ltd; the latter was recrystallized before use. 
Carbachol and hexamethonium bromide were also 
obtained from Sigma Chemical Co. Ltd. Atropine 
sulphate and hyoscine hydrobromide were obtained 
from BDH Ltd. The other antagonists were samples 
for which analyses have already been published 


Values of the mean estimate of log K for guinea-pig atria and ileum are shown with the standard 


error and number of estimates. The agonist was carbachol, except where Indicated and the Ringer-Locke 
solution contained hexamethonium (3 x 10-*m). Results for the ileum at 37°C are from previous work in 
Tyrode solution. Differences between values of log K for the leum and atria are indicated by A, and between 


Heum ileum 
29°C A, 37°C A, 


values at 29° and 37°C by A, 
Atria 
29°C 
4-Phenylacetoxy-N- 5.355 
methyi-piperidine HCI +0.019 
(4) 
Ph,CHCH,OCH,CH,NtMe,Br- 6.087 
+0.040 
(4) 
Ph,CHCH,OCH,CH,NTEt,Br- 6.529 
+0.016 
(4) 
Diphenylacetyltropine HC] 7.405 
+0.013 
(4) 
4-Diphenylacetoxy-/V- 7.571 
methyl-piperldine HCI +0.019 
(4) 
Diphenylacetyltropine- 7.948 
methiodide +0.027 
(4) 
Ph,C(OH)COOCH,CH,N*+Me,Br- 8.120 
+0.048 
(5) 
with acetyl-B-methyl- 8.158 
choline as agonist +0.046 
(3) 
Atropine 9.126 
+0.044 
(3) 
Atropine methliodide 8.776 
+0.023 
(5) 
Ph 2 9.034 
pes a +0.010 
CH COOCH,CH,NtMe,Br- (3) 


5.572 
+0.008 
(7) 


6.194 
+0.010 
(5) 


6.376 
+0.009 
(7) 


7,966 
+0.017 
(6) 


8,362 
+0.027 
(7) 


8.665 
+0.032 
(6) 


8.932 
+0,023 
(5) 
8.936 
+0.031 
(4) 


9.259 
+0.051 
(4) 


9.531 
+0.066 
(6) 


9.576 
+0.042 
(9) 


0.107 


—~0,163 


0.551 


0.791 


0.717 


0.812 


0.133 


0.765 


5.686 


6.413 


6.374 


8.110 


8.361 


8.669 


8.511 


9.007 


9.454 


9.482 


—0.219 


0.002 


—0.154 


0.001 


—0.004 


0.421 


0.252 


0.077 


0.094 
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(Abramson et al., 1969; Barlow et al., 1973; Barlow, 


Franks & Pearson, 1974). 


Results 


The results of the first group of experiments are 
summarized in Table l which shows the mean 


estimate of log K, with the standard error and number 
of preparations, for the atria and ileum at 29°C in 
Ringer-Locke solution. Published values of log K at 
37°C in Tyrode solution are also included for 
comparison. It would be expected that there would be 
a bigger error attached to the estimates on the atria 
because the dose-ratios are calculated from much 


Tabie 2 Values of the mean estimate of the dose-ratio are shown with the standard error and number of 
estimates in experiments where the concentration of the antagonist was tested on guinea-pig atria at 29° and 
on ileum at 29° and 37°C; welghted means (see text) and values derived from them are shown In Italics. The 
agonist was carbachol and the Ringer-Locke solution contained hexamethonium (2.76 x 10-*mM) except where 
indicated. The column headed A, shows the log of the ratio (dose-ratio— 1) on the Ileum to (dose-ratio— 1) on 
the atrla and A, shows the log of the corresponding ratio for the ileur at 29° and 37°C 


Atria 


(—)-Hyoscine 10-7 


(—)-Hyoscine methiodide 
2 x 10M 


Ph,CHCH,OCH,CH,NtMe,Br- 
5 x 10M 
No hexamethonium 


with hexamethonlum 


Ph,CHCOOCH,CH,NtMe,Br- 
5x 1077M 


4-Diphenylacetoxy-/V-methyl- 
piperidine methiodide 
10-7m 


repeated 


4-Benziloyloxy-/V-methyl- 
piparidine methlodide 
10M 


3-Diphenylacetoxy- 
quinuclidine methlodide 
10M 


Diphenylacetyl-pseudo- 
tropine methiodide 
5x 1077M 


29°C 


95.5 
+19.5 


(6) 
93.0 


77.8 
+9.00 
(5) 
76.6 


14.6 
+0.74 
(5) 
14.6 


Heum ileum 
29°C A, 37°C A, 
364 0.584 174 0.322 
+42.9 +26.9 
(8) (6) 

372 0.606 798 0.275 

660 0.933 138 0.682 

+78.5 +25.2 

(7) (6) 

634 0.923 123 0.778 
14.7 0.003 14.6 0.003 
+2.08 +0.95 

(6) (5) 

13.4 —0.040 14.6 0.040 
12.0 9.41 0.117 
+1.54 +0.27 

(3) (3) 

11.5 9.44 0.095 
47.9 0.280 44.1 0.037 
+3.00 +4.05 

(5) (5) 

48.2 0.328 44,1 0.039 

132 1.319 63.3 0.323 
+5.44 +7.22 

(8) (7) 

132 1.303 62.1 0.331 
72.8 1.262 49.9 0.167 
+2.07 +3.35 

(4) (4) 

73.2 7.259 49.8 0.170 
36.4 0.695 50.8 —0.148 
+5.26 +8.67 

(6) (5) 
36.8 0.600 48.2 —{),120 
89.4 0.315 61.1 0.188 
+10.4 +4.55 

(5) {8) 
90.6 0.333 61.8 0.168 
91.1 0.530 65.4 0.146 
+6.20 +3.77 

(7) (8) 
90.9 0.529 66.6 0.137 


smaller numbers of responses than in the experiments 
with the ileum. There are systematic errors which exceed 
the statistical errors in this type of experiment 
(Abramson et al., 1969) but it seems unlikely that the 
error attached to the mean estimates of log K on the 
atria is greater than 0.15 log units, compared with 0.1 
log units on the ileum. In separate experiments the 
mean estimate of log K for diphenylethoxyethyl- 
trimethylammonium bromide was calculated to be 
6.421 (3), compared with 6.529 in Table 1 and mean 
estimates for methylatropinium were 8.872 (2) and 
8.592 (4) compared with 8.776. 

The results suggested that there were differences 
between the affinity for the muscarine-sensitive 
receptors in the atria and ileum, greater than could be 
accounted for by possible experimental errors. They 
also suggested that the effects of temperature on 
affinity were different for different compounds and 
that it would be desirable to make measurements at 
the two different temperatures with compounds tested 
simultaneously in the same physiological salt solution. 
The dose-ratios obtained in the second group of 
experiments are summarized in Table 2. In calculating 
the mean it seemed that the error might be reduced by 
weighting the results depending on the correction 
which had been made to calculate the matching dose- 
ratio from that actually tested. The values were 
therefore weighted according to the square of this 
correction factor (expressed as a number less than 1): 
for a perfect match between responses in the presence 
of the antagonist and responses in its absence the 
weight was one. For a poor match in which the high 
concentration in the presence of the antagonist 
matched the low concentration in its absence (so the 
calculated dose-ratio is exactly twice that actually 
tested), or with the low concentration in the presence 
of the antagonist matching the high concentration in 
its absence (so the calculated dose-ratio is exactly half 
that actually tested), the weight was only 0.25. The 
weighted means so obtained, however, did not differ 
greatly from the unweighted ones, nor did the derived 
values, A, and A, (see Table 2). 

The individual dose-ratios were used to calculate 
log K as in the previous work and the differences 
between the mean values of log K also gave values of 
A, and A, which were very close to those calculated 
from the log of the ratios of (dose-ratio —1). For 
exampie the values of A, for hyoscine were 0.584 from 
values of mean dose-ratios, 0.606 from values of 
weighted means dose-ratios, and 0.587 from the 
difference between mean values of log K. 

- From the repetition of some of the tests, however, it 
is clear that there remain large experimental errors but 
the differences between the affinity of many of the 
compounds for the receptors in the atria and the ileum 
at 29°C are much greater than these. Although the 
compounds selected nearly all had higher affinity for 
the ileum than for the atria (Figure 1), the difference 
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Figure 1 Mean values of log affinity constant for 


the muscarine-sensitive receptors in the guinea-plg 
atria plotted agalnst those for the receptors in the 
ileum measured at the same temperature (29°C) and 
In the same physiological salt solution (Ringer-Locke 
solution). If the affinity were the same for both 
receptors, the results should fle along the straight: 
line. 


does not appear to depend only on affinity for the 
ileum so could not be explained as arising simply from 
some bias associated with measuring high affinity. The 
most selective compound, 4-diphenylacetoxy-methyl!- 
piperidine methiodide, which has only about 1/20th 
the affinity for the receptors in the atria that it has for 
those in the ileum, is actually slightly weaker than 
atropine on the ileum. 

There is much less certainy about differences in the 
effects of temperature on affinity. Estimates of log K 
at 29°C are probably subject to greater errors than 
those at 37°C, partly because of the slower response 
of the muscle and partly because of poorer control of 
temperature. Values of A, listed in Table 1 are of very 
doubtful significance because they were not obtained 
from experiments made in the same physiological salt 
solution. The mean value of A, for the results in 
Table 2 is 0.20+0.076 (s.e.; 9 results) so it seems 
probable that the values for hyoscine methiodide and 
for 4-benziloyloxy-N-methylpiperidine methiodide are 
significantly different from-the others. There does not 
seem to be any reason for believing that the 
compounds all have the same temperature coefficient. 


Discussion 


In experiments on the effects of antagonists on the 
inotropic actions of carbachol on guinea-pig atria in 
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Tyrode solution at 30°C, Lülman et al. (1969) 
obtained dose-ratios of 127 and 135 with 1077M 
atropine (log K =9.10, 9.13) and 180 with 8x 10-*m 
methylatropinium (log K= 9.35). Although the value 
for atropine is similar to that obtained in this work 
(9.126), the value for methylatropinium is 
appreciably higher than ours (8.776) and closer to that 
expected for the ileum (9.531). This suggests that the 
receptors at which carbachol acts to affect the rate of 
beating are different from those at which it acts to 
decrease the force of contraction. Alternatively it must 
be supposed that we have in some way underestimated 
the affinity of particular compounds for the receptors 
in the atrial pacemaker cells, in spite of all our 
attempts to avoid any bias, which include using a 
longer time-cycle and agonist contact time than 
Lillman et al. (1969; details given by Mitchelson, 
1975, indicate a 7 min cycle with 3 min contact with 
agonist compared with our 16 min cycle). As the 
affinity of the enantiomers dexetimide and levetimide 
for the inotropic carbachol receptor has been 
measured by Gray, Liillman, Mitchelson & Reil 
(1976) and there is very marked stereospecificity it 
would seem well worthwhile testing these compounds 
against the chronotropic actions of carbachol. 

It would be expected that the specificity of 
compounds for different forms of the muscarine- 
sensitive acetylcholine receptors would be related to 
their chemical structure. As can be seen from Table 3, 
in the four instances studied the quaternary salts all 
had relatively higher affinity for the receptors in the 
ileum, but the extent is variable, being greater in 
atropine than in diphenylacetyltropine. Specificity for 
the ileum seems also to be increased by changes 
involving the introduction of oxygen. For example, the 


diphenylacety! ester of choline has a higher value 
(0.30) than the analogous ether (0.11; not included in 
Table 3); the benzilic ester has a higher value still 
(0.81). Likewise the scopines have higher values than 
their tropine analogues. The replacement of choline by 
4-hydroxy-N-methylpiperidine greatly increases 
specificity but this is reduced with the more complex 
ring structures, tropine, pseudo-tropine and 3- 
hydroxyquinuclidine. The effects are not additive; 4- 
benziloyloxy-N-methylpiperidine methiodide has a 
lower specificity than its diphenylacetyl analogue even 
though it combines three features apparently 
favourable to specificity, a quaternary group, a 
benzilic group and the 4-hydroxy-N-methylpiperidine 
ring. It has higher affinity for both types of receptor 
but the replacement of diphenyl by benziloyl increases 
affinity for the receptors in the atria over 10-fold 
whereas affinity for those in the ileum is only increased 
just over 2-fold, hence the decline in specificity. 

It is almost certain that hydrophobic interactions 
make a major contribution to the binding of these 
compounds to the muscarine-sensitive acetylcholine 
receptor but the results suggest that at the receptors in 
the ileum there may be an appreciable contribution 
from polar interactions in suitable circumstances. 
Although it is possible to find compounds with 
reasonable specificity for receptors in the ileum, it 
seems that it is much more difficult to obtain 
compounds with specificity for the atria. This may 
indicate that the receptors differ only in some extra 
feature present in the receptors in the ileum and absent 
from those in the atria, or it may merely indicate that a 
sufficient variety of compounds has not yet been 
tested. 

The effects of temperature on affinity have been 


Table 3 Chemical structure and degree of specificity for muscarine-sensitive receptors In guinea-pig Ileum 


compared with those in atria (29°C) 


Acid 
N-methylpip- 
Choline eridin-4-ol 
Base 
PhCH,COOH . 0.22 
Ph,CHCOOH 0.30 0.79 
Ph,COHCOOH 0.81 0.58 
(+) Ph OH 
“com 0.54 


i 
CoH, COOH 
PhCHCOOH 


i 
CH,OH 


Mel Base Mel Mel 


1.32 0.55 0.72 


Base 
3-Hydroxy- 
Pseudo quin 
Tropine tropine Scopine uclidine 


Base Mel Mal 


0.53 0.32 


0.13 0.75 0.58 0.93 


The values shown, A, In Tables 1 and 2, indicate the log of the ratio of the affinity constants; a value of 1.0 
indicates that the affinity for the receptors in the ileum Is 10 times that for the receptors in the atria. The tropic 
acid was racemic for the esters of tropine (atropine) but optically active for the esters of scopine ({—)-hyoscine). 


examined by Paton & Rang (1966) who found that the 
affinity of lachesine for the muscarine-sensitive 
receptors in guinea-pig ileum was increased 1.3-fold 
by lowering the temperature from 37.5° to 30.5°C. 

Mustafa (1967) reported that log K for 
phenylacetoxyethyl-N- methylpiperidinium iodide was 
increased by 0.18 when the temperature was lowered 
from 37° to 27°C. These indicate very similar 
enthalpies of adsorption (AH), approximately —7 kcal 
(—29kJ)/mol for lachesine and —7.8 kcal 
(—33kJ)/mol for the second compound. They differ 
greatly in their free energy of adsorption, however; for 
lachesine AG=—12.6 kcal (—53kJ)/mol whereas for 
the much weaker phenylacetoxyethyl compound 
AG=—7.4 kcal (—31kJ)/mol. The corresponding 
changes in TAS are +5.6 and —0.4 kcal/mol. 

- If compounds have similar enthalpies of adsorption, 
changes in free energy of adsorption must be due to 
changes in the entropy of adsorption. Though there 
may be situations in which binding is likely to be 
associated with increased disorder, there are other 
situations where the binding process might be 
expected to increase order in the system. It therefore 
seems unlikely that the enthalpy of adsorption will be 
the same for all compounds. It is certainly known that 
it is different for the binding of inhibitors to 
acetylcholinesterase (Belleau, Tani & Lie, 1965; 
Belleau & Lavoie, 1968) for which the effects of 
temperature on affinity can be measured more 
accurately and over a wider range than in experiments 
with guinea-pig ileum. 

It would then be expected that values of A, in 
Table 2 should not all be the same and that it would be 
worth calculating the values of AH and TAS (Table 4). 
Although AG is known reasonably accurately, the 
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values of AH are not accurate because the errors in A, 
are large and must be multiplied by a large number. A 
difference in log K in these experiments of 0.1 
corresponds to a value of AH=5.3 kcal/mol: 
estimates of TAS could well be incorrect by this 
amount. The calculations do suggest, however, that 
the entropy changes associated with binding are 
different for different compounds. In some instances 
there appears to be a moderate increase in entropy but 
with hyoscine methiodide it appears that the order in 
the system increases. Further results are clearly 
desirable, particularly as the present experiments were 
made in Ringer-Locke solution (which does not 
contain Mg?+) instead of the more usual Tyrode or 
Krebs solution. 

The independence of the enthalpy and entropy 
terms accounts for the difficulty of predicting affinity 
accurately. As Abramson et al. (1974) have remarked 
‘To predict the affinity of new compounds, then, the 
real problem is to predict the extent to which the 
effects of the various substituents fall short of the 
maximum’ and changes in structure which lead to 
increases in overall order, so that TAS is negative, will 
make AG correspondingly more positive and tend to 
reduce affinity. To predict affinity successfully it will 
therefore be necessary to have some idea of the effects 
of substituents on either the enthalpy or entropy of 
binding and this information cannot be obtained from 
measurements at only one temperature. 


We thank the Wellcome Trust for support. K.S.S. was on 
leave from the Department of Pharmacology, University of 
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Table 4 Estimates of the enthalpies and entropies of adsorption for compounds to muscarine-sensitlve 
acetylcholine receptors In the guinea-pig Ileum calculated from the results shown In Table 2 


(—)-Hyoscine 

(—}-Hyoscine methiodide 
Ph,CHCH,OCH,CH,N+Me,Br- 
Diphenylacetylcholine bromide 
4-Diphenylacetoxy-V-methyk 
piperidine methlodide 
4-BenziloyloxyV-methyl- 
piperidine methlodide 
3-Diphenylacetoxy- 
qulnuclidine methiodide 
Diphenylacety!-pseudo-tropine 
methlodide 


AG AH TAS 
—13.1 —17.1 —4.0 
—14.0 —36.4 —22.4 

—8.7 —6.4 +2.3 

—9.7 —2.1 +7.6 
—12.5 —17.1 —4.6 

—9.1* +3.4* 
—13.5 +8.0 +21.5 
—10.9 —9.1 +1.8 
—11.4 —8.0 +3.4 


= 


Values are in kcal/mol (multiply by 4.18 to convert to kJ/mol). The asterisk indicates the second set of results 
obtained with this compound. Note that the errors attached to the estimates of AH and TAS may be as big as 


+5 kcal/mol. 
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—, rat peritoneal mast, release of histamine from, inhibition 
of, by non-steroid anti-inflammatory agents, 446P 

—, guinea-pig atrial pacemaker, comparison of affinity 
constants for muscarine-sensitive acetylcholine receptors 
in, 613 

Cephalexin, fluorimetric determination of, 473P 

Cerebral arteries, influence of dopamine and noradrenaline 
on isolated, of the dog, 121 

Cerebral cortex, neuronal responses to adrenoceptor 
agonists in, evidence for excitatory a-adrenoceptors and 
inhibitory f-adrenoceptors, 418P 

Chioracyzine, decrease of myocardial oxygen consumption 
induced by, 189 

p-Chloroamphetamine, decreases incidence of ethanol with- 
drawal head twitches in mice, 9 

—, effect of, on uptake and release of brain monoamines, 
272P 

Chlordiazepoxide, effect of, on suppressed responding, 451P 

—, intranigral injection of, rotational behaviour after, 453P 

— , effects of, on social interaction in rats, 465P 

Chlorimipramine, effect of, on accumulation of 5-HT by 
supra-ependymal nerve terminal, 424P 

2-Chloro-10-(3-dicthylaminopropionyl)phenothlaxine hydro- 
chloride, see chloracyzine, 189 

N-2-chloroethyl-N-ethyl-2-bromobenzylamine hydro- 
chloride, effect of, on noradrenergic neurones in rat brain 
and heart, 521 

P-Chlorophenylalanine, effect of, on rat social behaviour, 
455P 

— , decreases incidence of ethanol withdrawal head twitches 
in mice, 9 

p-Chloro-f-phenylethylamine, effect of, on uptake and 
release of putative amine neurotransmitters in rat brain, 
420P 

Chiorpheniramine, effect of, on lobster muscle fibre and frog 
spinal cord, responses of, to amino acids, 583 

Chlorphentermine, effect of, on uptake and release of brain 
monoamines, 272P 

Chlorpromazine, comparative studies on effects of, with 
those of metoclopramide on EEG in conscious rat, 269P 

— , effect of, on suppressed responding, 451P 

Cholecystokinin, C-terminal octapeptide of, effect of, on 
inhibitory innervation of cat sphincter of Oddi, 477 

Clobazam, effect of, on sleep of man, 439P 

Clonidine, inhibitory effect of, on peripheral adrenergic 
synapse, 278P 


—— , gastric antisecretory property of, is it of central origin?, 
419P 

-—, interaction of, with dopamine-dependent behaviour in 
rodents, 469P 

Cocaine, comparison of effect of, with that of ketamine on 
motor responses of rat anococcygeus muscle, 247 

—, effect of,-on K+-induced relaxations of the rat ano- 
coccygeus muscle, 305P 

-—, effect of, on responses of isolated rat vas deferens to 
noradrenaline and methoxamine, 280P 

—, effect of, on binding and efflux characteristics of nor- 
adrenaline and guanethindine, 497 

Collagen, effects of aspirin and indomethacin on 5-HT 
release induced by, in rat platelets, 299P 

Contraceptives, effects of, on drug metabolism in various 
animal species, 173 

Contractile tissue, atrial and ventricular cardiac contractile, 
heterogeneous reactivity of, 409P 

Corn oil, headache induced by, behavioural changes in rats 
suggesting, 439P 

Coronary vasodilator metabolite, release of, from guinea-pig 
isolated perfused heart stimulated by catecholamines, 
histamine and electrical pacing and by exposure to 
anoxia, 89 

Corticosterolds, effects of, on responses of anococcygeus 
and gastrocnemius muscles to nerve stimulation in the 
pithed rat, 302P 

Corticosterone, effect of, on neuromuscular function in the 
pithed rat, 302P 

Cortisol, effect of, on a,-macroglobulin and a,-acute phase 
globulin in arthritic rat, 441P 

Creatinine, effect of, on binding of o-methyl red to human 
albumin, 283P 

Cremaster muscle, guinea-pig denervated, as a pharmaco- 
logical preparation, 229 

~~, simple in yitro preparation of, showing properties of 
slow tonic skeletal muscle, 288P 

-— , & simple in vitro preparation of guinea-pig, 288P 

Current, end-plate, fluctuations in, analysis of, produced by 
acetylcholine and acetylmonoethylcholine in rat muscle, 
428P 

Cyanosis, effect of development of, on fibrin accumulation in 
rabbit skin homografts, 292P 

Cyclic AMP phosphodlesterase, evolution of aortic and 
cardiac, during onset of mineralocorticoid hypertension 
in rat, 434P 

Cyclophosphamide, maintains level of insoluble fibrinogen in 
rabbit skin homografts in the absence of cyanosis, 292P 

Cyproheptadine, effect of, on effect of N-5’, 483 

~—-, effect of, on isolated rabbit ear artery and aorta, 211 

Cytochrome C, action of, on transmembrane potentials of 
normal and hypoxic guinea-pig myocardial strips, 431P 


D 


D600, effects of, on electrical and mechanical activity in rat 
portal vein, 287P 

Decamethonium, pharmacological response to labelled, in 
cat muscle, 141 

Delta-9-tetrahydrocannabinol, and macromolecular syn- 
thesis, 419P 

Dependence, comparison of self-administration of morphine 
and pentazocine in the rhesus monkey, 270P 
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(—)-Deprenil, in treatment of Parkinson’s disease, 423P 

Destpramine, effect of, on accumulation of 5-HT by supra- 
ependymal nerve terminals, 424P 

-—, effect of, on binding and efflux characteristics of nor- 
adrenaline and guanethidine, 497 

—-, effect of, on effect of N-2-chloroethyl-N-ethyl-2-bromo- 
benzyl amine hydrochloride, on rat brain and heart, 521 

Diaphragm, effect of catecholamines on calcium influx and 
development of tension in denervated, in the mouse, 109 

Dibutyryl cyclic adenosine-3',5’-monophosphate, effect of, 
on protein secretion from rat exocrine pancreas in vitro, 
605 

-— , decreases incidence of ethanol withdrawal head twitches 
in mice, 9 

——, effect of metiamide on acid secretion stimulated by, in 
isolated whole rat stomach, 149 

——, increases incidence of ethanol withdrawal head twitches 
in mice, 9 

Diethylpropion, effect of, on uptake and release of brain 
monoamines, 272P 

Digitalization, in dog, chronic, myocardial uptake of digoxin 
during, 553 

Digoxin, myocardial uptake of, m chronically digitalized 
dog, 553 

— , myocardial uptake of, 183 

Dihydro-erythrodine, effect of, on effect of general 
anaesthetics on sensitivity of cortical neurones to acetyl- 
choline, 359 

L-3,4-Dthydroxyphenylalanine, action of, on single cortical 
neurones microelectrophoretically applied, 239 

-— , effect of, on rat and frog spinal neurones, 373 

Difsopropyiphosphorofluoridate, effect of, on effect of 
gallamine on muscarinic receptors, 323 

N-(3',4’-dimethoxycinnamoyl)anthranilic acid (N-5’), 
pharmacological properties of, 483 

N,N-Dtmethyl-5-HT, stimulates release of transmitter from 
rabbit cardiac sympathetic nerves, 276P 

Diphenhydramine, effect of, on effect of N-5’, 483 

——, effect of, on lobster muscle fibre and frog spinal cord, 
responses of, to amino acids, $83 

Dipyridamole, effect of, on inhibitory innervation of cat 
sphincter of Oddi, 477 

Diquat, in vivo absorption studies with, in the dog, 284P 

Disulfiram, effect of, on cardiovascular effects of dopamine 
and a-methyldopamine in conscious cat, 505 

Dobutamine, effects of, in early stages of acute myocardial 
infarction in dog, 407P 

Domoate, effect of, on rat and frog spinal neurones, 373 

DOPA, action of, on single cortical neurones, 239 

L-DOPA, effect of, on rat and frog spinal neurones, 373 

—— , in treatment of Parkinson’s disease, 423P 

~— , decreases incidence of ethanol withdrawal head twitches 
in mice, 9 

Dopamine, comparison of D and L-tryptophan on cerebral 
metabolism of 5-HT and, in the dog, 3 

—— , decreases incidence of ethanol withdrawal head twitches 
in mice, 9 

— , effect of anorectic drugs on uptake and release of, in the 
brain, 272P 

-— , effect of mazindol on metabolism of, in rat brain, 271P 

~-— , feed-back control of release of, 272P 

—— , influence of, on isolated cerebral arteries of the dog, 121 

—— , effect of amantadine on brain concentration of, 561 

——, effect of, on effect of N-2-chloroethyl-N-ethyl-2-bromo- 
benzyl amine hydrochloride on rat brain and heart, 521 
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—, cardiovascular effects of, after central administration 
into conscious cat, 505 

— , -dependent behaviour in rodents, interaction of clonidine 
with, 469P 

Dopamine-/-hydroxylase, stimulated release of, from intact 
organs of normo- and hypertensive rats, 275P 

— , long-term effects of propranolol on, in superior cervical 
ganglia of rabbit, 430P 

Dopaminergic mechanisms, mazindol anorexia is mediated 
by activation of, 367 

Dopaminergic modulation, of release of histamine and 
SRS-A in calf, 445P 

Drug metabolism, effects of contraceptive agents on, in 
various animal species, 173 


E 


E. Coli endotoxin shock in cat, effect of a new anti- 
inflammatory drug, flurbiprofen, on respiratory, 
haemodynamic and metabolic responses to, 547 

Electroencephalogram, comparative studies on effects of 
metoclopramide and known neuroleptics on, in 
conscious rat, 269P 

Eflagic acid, pretreatment with, affects course of arachidonic 
acid-induced paw oedema in the rat, 311P 

Endotoxin shock, Æ. coll, in cat, effect of a new anti- 
inflammatory drug, flurbiprofen, on respiratory, 
haemodynamic and metabolic responses to, 547 

Enkephalin, actions of, on spinal cord and brain stem 
neurones, 458P 

Erythrocytes, accumulation of biogenic amines by rabbit, 
294P 

Ethanol, effects of drugs affecting endogenous amines and 
cyclic nucleotides on withdrawal head twitches in mice, 9 

— , effects of, on social interaction in rats, 465P 

Ethanolamine-O-sulphate, -induced changes in substantia 
nigra GABA levels, behavioural effects of, 454P ` 

Ether, effect of, on sensitivity of cortical neurones to L- 
glutamate, 347 

—, effect of, on sensitivity of cortical neurones to 
acetylcholine, 359 

Ethylene glycol dinitrate, headache induced by, behavioural 
changes in rats suggesting, 439P 

Eye, autonomic drugs and the, 315P 


F 


Fasciola hepatica, actions of carbon tetrachloride, hexa- 
chloroethane and the products of their metabolism in 

_ sheep on, 395 

Fatty acid, plasma unesterified, effect of aminophylline on, 
533 

Fenfluramine, effect of, on uptake and release of brain 
monoamines, 272P 

—, effect pf some receptor antagonists on glucose uptake 
induced by, into isolated rat hemidiaphragm, 286P 

Fibrin, role of lymphocytes in accumulation of, in rabbit skin 
homografts, 292P 

Flofenamate, effects of, on cat lung strip preparation, 71 

Fluorimetric determination, of ampicillin and cephalexin, 
473P 


Flurbiprofen, a new anti-inflammatory drug, effect of, on 
respiratory, haemodynamic and metabolic responses to 
E. coli endotoxin shock in cat, 547 

French Pharmacological Society, Proceedings of, University 
of Oxford, September 15—17, 1976, 407P—475P 

Frusemide, effect of (+)-propranolol on recovery of urinary 
concentration process after, in rat, 413P 


G 


Gallamine, effect of, on effect of general anaesthetics on 
sensitivity of cortical neurones to acetylcholine, 359 

—— , inhibitory effect of, on muscarinic receptors, 323 

Ganglia, rabbit superior cervical, long-term effects of 
propranolol on tyrosine hydroxylase and dopamine-{- 
hydroxylase in, 430P 

Gastric secretion, mode of action of isoprenaline on, in the 
conscious rat, 17 

Gastrin, effect of metiamide on acid secretion stimulated by, 
in isolated whole rat stomach, 149 

Gastrocnemius muscle, effect of corticosteroids on 
responses of, to nerve stimulation in the pithed rat, 302P 

Glucocorticoids, effect of, on turnover of acetylcholine and 
prostaglandins in isolated guinea-pig ileum, 475P 

Glucose, effect of some receptor antagonists on 
fenfluramine-induced uptake of, into isolated rat hemi- 
diaphragm, 286P 

Glucose utilizadon, inhibition of, in adipose tissue of man 
and rat, by amphetamine-type anorectic drugs, 436P 

Glutamate, responses evoked by, from lobster muscle fibre 
and frog spinal cord, effect of antihistamines on, 583 

L-Glutamate, effect of, on rat and frog spinal neurones, 373 

—-, anaesthetics depress sensitivity of cortical neurones to, 
347 

Glutamate antagonists, in rat hippocampus, 341 

Glutamic acid, compounds related to, structure-activity 
relations of, on frog and rat spinal neurones, 373 

Glutamic acid dimethyl ester, effect of, on rat hippocampal 
cells, 341 

Glycosides, cardiac, role of potassium in inhibition by, of 
(Na—K)-ATPase prepared from human heart, 413P 

Guanethidine, effect of TEA on response of rat 
anococcygeus muscle to, 47 

—-, extra-vesicular binding of, in adrenergic neurones, 497 

——, effect of, on cardiovascular effects of dopamine in 
conscious cat, 505 

Guanosine triphosphate, increases incidence of ethanol with- 
drawal head twitches in mice, 9 


H 


H, antagonists, effect of, on lobster muscle fibre and frog 
spinal cord, responses of, to amino acids, 583 

H, antagonists, effect of, on lobster muscle fibre and frog 
spinal cord, responses of, to amino acids, 583 

H,- and H,-receptors, effects of activation of, on central 
cardiovascular structures in cats and on behaviour in 
chickens, 442P 

Haloperidol, effect of, on cardiovascular effects of dopamine 
and a-methyldopamine in conscious cat, 505 

—. Comparative studies on effects of, with those of meto- 
clopramide on the EEG in conscious rat, 269P 


—— , comparison of effects of, with those of buprenorphine 
on concentrations of HVA, 5-HIAA and MHPG in rat 
forebrain, 275P 

~~, effect of, on fenfluramine-induced glucose uptake into 
isolated rat hemidiaphragm, 286P 

Halothane, change in sensitivity to, in the rat following 
administration of sodium barbitone in the drinking water, 
285P 

~--, determination of sleeping time induced by, in the rat, 27 

~-, effect of, on sensitivity of cortical neurones to acetyl- 
choline, 359 

~~, effect of, on sensitivity of cortical neurones to L- 
glutamate, 347 

Headache, drug-induced, behavioural changes in rats 
suggesting, 439P 

Heart, atrial and ventricular contractile tissue of, hetero- 
geneous reactivity of, 409P 

-—«, autonomous control of, in canine ischaemic 
myocardium, 410P 

~—-, human, (Na~K}ATPase prepared from, role of 
potassium on inhibition by cardiac glycosides of, 413P 

Heart rate, effect of dopamine on, in conscious cat, 505 

~-~, effect of a-methylnoradrenaline, adrenaline and nor- 
adrenaline on, after administration into area of rat 
nucleus tractus solitarii, 593 

Heidenhain pouch, effect of isoprenaline on aspects of 
gastric secretion in the rat with, 17 

Hexachloroethane, action of, and products of metabolism in 
sheep on Fasciola hepatica, 395 

Hexamethontum, effect of, on inhibitory innervation of cat 
sphincter of Oddi, 477 

Hexamethontum bromide, effect of, on cardiovascular 
effects of dopamine in conscious cat, 505 

Hippocampus, rat, glutamate antagonists in, 341 

Histamine, release of, dopaminergic modulation of, in calf, 
445P 

-——- , release of, inhibition of, from rat peritoneal mast cells by 
non-steroid anti-inflammatory agents, 446P 

~~, effect of, on responses evoked by amino acids from 
lobster muscle fibre and frog spinal cord, 583 

—~, coronary vascular response to, 89 

=, dose-response curves in guinea-pig denervated cre- 
master muscle preparation, 229 

—-, effect of indomethacin and prostaglandin on smooth 
muscle contracting activity of, 223 

-—, effect of isoprenaline on secretion of gastric mucosal, 
17 

—~, effects of, on cat lung strip preparation, 71 

Histamine H,-blockers, effect of, on frog spinal cord and 
lobster muscle fibre, 583 

Histamine receptors, in cranial circulation of monkey, 443P 

pL-Homocysteate, effect of, on rat and frog spinal neurones, 
373 

Homovanillic acid, effect of acute doses of buprenorphine on 
concentrations of, in rat forebrain, 275P 

Human serum albumin, effect of endogenous metabolites on 
binding of o-methyl red to, 283P 

6-Hydroxy-2-pyridylalanine, effect of, on rat and frog spinal 
neurones, 373 

5-Hydroxyindoleacetic acid, metabolism of, in brain, effect 
of aminophylline on, 533 

—-~, effect of acute doses of buprenorphine on concentra- 
tions of, in rat forebrain, 275P 

$-Hydroxytryptamine, high affinity binding sites to brain 
synaptosomal membranes, 425P 
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-— , inhibition of stimulant effect of, on cardiac sympathetic 
nerves by 5-HT and related compounds, 416P 

-— , effect of, on effect of N-2-chloroethyl-N-ethyl-2-bromo- 
benzylamine hydrochloride on rat brain and heart, 521 

~~, metabolism of, in brain, effect of aminophylline on, 533 

—~, comparison of D and L-tryptophan on cerebral 
metabolism of, and dopamine in the dog, 3 

—— , effect of, as substrate on monoamine oxidase activity in 
rat brain and spinal cord, 279P 

~~, effect of anorectic drugs on uptake and release of, in the 
brain, 272P 

~~, effects of aspirin and indomethacin on release of, by rat 
platelets induced by collagen and arachidonic acid, 299P 

——, effect of, on arachidonic acid-induced paw oedema in 
the rat, 311P 

—— , effect of mazindol on metabolism of, in rat brain, 271P 

-— , effects of, on rabbit isolated ear artery and aorta, 211 

-= , increases release of transmitter from rabbit cardiac 
sympathetic nerves, 276P 

—- , mechanism of entry into rabbit erythrocytes, 294P 

~~ , receptors for, in rabbit isolated ear artery and aorta, 211 

~~ , transport of, by rat and human platelets, 300P 

['“C]-5-Hydroxytryptamine, uptake of, by platelets, in 
emotional and non-emotional rats, 454P 

PH]-5-Hydroxytryptamine, selective accumulation of, by 
supra-ependymal nerve terminals, autoradiographic 
evidence for, 424P 

Hyoscine, decreases incidence of ethanol withdrawal head 
twitches in mice, 9 

Hyperiactataemla, acute experimental, pharmacological 
agents and, in dog, 429P 

Hypertension, mineralocorticoid, evolution of cyclic AMP 
phosphodiesterase during onset of, in rat, 434P 

—— , renal prostaglandins and renal function during experi- 
mental, in rats, 253 

-—-, Okamoto spontaneous, altered reactivity of stomach 
fundus smooth muscle in, 432P 

Hypertensive rats, genetic, prostaglandin E, released from 
kidneys of, contributes to vasoconstrictor super- 
sensitivity to angiotensin I in vitro, 462P 

Hypotension, in rabbits infected with Trypanosoma brucei, 
137 

——, centrally induced, after administration of a-methylnor- 
adrenaline into area of nucleus tractus solitarii of rat, 593 

Hypothermia, comparison between, induced by thyrotropin 
releasing hormone, noradrenaline, or calcium ions in 
cats, 489 

Hypoxia, resistance to, effects of carbonic anhydrase 
inhibitors on, 417P 


Ibuterol, effects of, a new bronchodilator, 43 

Henum, kinetics of competitive antagonists on guinea-pig, 57 

——, guinea-pig, comparison of affinity constants for 
muscarine-sensitive acetylcholine receptors in, 613 

Immunological challenge, of guinea-pig lungs, prosta- 
glandin-like substances released from, 471P 

Indapamide, studies on the marked antihypertensive 
properties of, in rats and cats, 282P 

Indole derivatives, administration of, a comparison of 
circling behaviour induced in nigro-striatal lesioned rats 
after, 452P 
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Indolizine, an, with an amicdarone-like haemodynamic 
profile, 41 1P 

Indomethacin, and acid secretion in isolated perfused canine 
stomach, 470P 

— , effectiveness of, against inflammation, 573 

——, effect of, on effect of N-5’, 483 

—, effect of, on arachidonic acid-induced paw oedema in 
the rat, 311P 

— , effects of, on extent and duration of piaoncineshyde 
production by rat platelets, 299P 

—, effects of, on 5-HT release induced by srachidonie acid 
‘and collagen in rat platelets, 299P 

——, effect of, on smooth muscle contracting activity of 
angiotensin and other agonists, 223 

— , inhibits release of prostaglandin stimulated by brady- 
kinin or kininogen in rabbit perfused kidney, 165 

Indoxy! sulphate, effect of, on binding of o-methyl red to 
human serum albumin, 283P 

Inflammation, the polymorph transfer reaction as a model 
system for the study of acute, 310P 

Inflammatory exudates, non-immunological, mitogenic 
activity of different types of, on macrophages in culture, 
448P 

——, new method of obtaining human skin, for pharmaco- 
logical analysis, 317P 

Innervation, inhibitory, of cat sphincter of Oddi, 477 

Intracerebral administration, a simple and inexpensive 
method for, of drug solutions to conscious rat, 464P 

Islets of Langerhans, isolated, non-saturable co-operative 
binding of tolbutamide to, 450P 

3-Isobutyl-1-methyl-xanthine, increases incidence of ethanol 
withdrawal head twitches in mice, 9 

Isoprenaline, chronic pretreatment with, affects sensitivity of 
guinea-pig lung adenylate cyclase to isoprenaline and 
noradrenaline in vitro, 274P 

——, contractual response of denervated mouse diaphragm 
muscle to, 109 

— , coronary vascular response to, 89 

—— , effects of, on cat lung strip preparation, 71 

— , effect of, on growth and secretion in rat parotid gland, 
281P 

—, effect of, on guinea-pig urinary bladder, 37 

— , mode of action of, on gastric secretion in the conscious 
rat, 17 

— , response of denervated cremaster muscle preparation 
to, 229 

——, long-term culture with, dose-dependent desensitization 
of lymphocyte beta-receptor function after, 448P 

—, evidence of central cardiovascular effects of intra- 
cerebroventricular, in anaesthetized rat, 435P 

—, effect of, on cardiovascular effects of dopamine in 
conscious cat, 505 

Isoxsuprine, effects of, on guinea-pig atria and trachea, 431P 


K 


Kainate, effect of, on rat and frog spinal neurones, 373 

Kallikrein, not the sole mediator of parasympathetic vaso- 
dilatation in the dog salivary gland, 201 

Ketamine, effects of, on the peripheral autonomic nervous 
system of the rat, 247 

Kinin, not the sole mediator of parasympathetic vaso- 
dilatation in the dog salivary gland, 201 


Kininogen, effect of, on renal prostaglandin release in rabbit 
perfused kidney, 165 

Kinins, possible influence of intrarenal generation of, on PG 
release from rabbit perfused kidney, 165 


L 


Lachesine, kinetics of, in guinea-pig ileum, 57 

Langendorff perfusion, of isolated rabbit heart, 316P 

Lauric acid, effect of, on binding of o-methyl red to human 
serum albumin, 283P 

Lesions, nigro-striatal, in rats, circling behaviour induced by, 
after administration of indole derivatives, 452P 

Lignocaine, effect of, on cardiovascular effects of dopamine 
in conscious cat, 505 

Lipolysis, catecholamine-induced, inhibition of, by 
amphetamine-type anorectic drugs, 436P 

B-Lipotropin, interaction of peptides derived from C- 
fragment 

Liquor space, analgesia produced by morphine when acting 
from, 383 

LSD, high affinity binding sites to brain synaptosomal 
membranes, 425P 

[7H)-D-LSD, localization of binding aites for, autoradio- 
graphic evidence for, 424P 

Lymphocyte beta-receptor function, dose-dependent de- 
sensitization of, after long-term culture with iso- 
prenaline, 448P 

Lymphocytes, role of, in accumulation of fibrin in rabbit 
skin homografts, 292P 

Lynestrenol, effect of, combined with mestranol on drug 
metabolism, 173 


M 


MA 1420, decreases incidence of ethanol withdrawal head 
twitches in mice, 9 

a,-Macroglobulin, effect of cortisol on, in arthritic rat, 441P 

Macrophages, in culture, mitogenic activity of non- 
immunological inflammatory exudates on, 448P 

Malaria, studies on A zadiracta indica in, 318P 

Malondialdehyde, effects of aspirin and indomethacin on 
production of, by rat platelets, 299P 

Marzindol, effect of, on uptake and release of brain mono- 
amines, 272P 

-— , some effects of, on metabolism of monoamines in the rat 
brain, 271P 

Mazindol anorexia, is mediated by activation of dopa- 
minergic mechanisms, 367 

Medicines evaluation and monitoring, Aberdeen—Dundee 
group, 317P 

Meprobamate, effect of pretreatment with, on halothane- 
induced sleeping time in rats, 27 

Mepyramine, affinity constant of guinea-pig cremaster 
muscle for, 229 

——, effect of, on arachidonic acid-induced paw oedema in 
the rat, 311P 

—, effect of, on fenfluramine-induced glucose uptake into 
isolated rat hemidiaphragm, 286P 

——, kinetics of, in guinea-pig ileum, 57 

Mestranol, effect of, in combination with lynestrenol, 
norethisterone or norethynodrel on drug metabolism in 
various animal species, 173 


Met-enkephalin, effects of, on nociceptive neurones in rat 
thalamus, 459P 

Metaffinoid antagonism, as term used for effect of gallamine 
on muscarinic receptors, 323 

Methamphetamine, effect of, on suppressed responding, 
451P 

Methergoline, effect of, on mazindol anorexia, 367 

— , decreases incidence of ethanol withdrawal head twitches 
in mice, 9 

L-Methionine, effects of, on activity in the rat, 117 

3-Methoxy-4-hydroxyphenyliglycol, effect of acute doses of 
buprenorphine on concentrations of, in rat forebrain, 
275P 

Methoxamine, effect of denervation and cocaine on response 
of isolated rat vas deferens to, 280P 

Methoxyflurane, effect of, on sensitivity of cortical neurones 
to acetyicholine, 359 

—, effect of, on sensitivity of cortical neurones to L- 
glutamate, 347 

Methoxyverapamil, see D600, 287P 

N-Methyl-D-aspartate, effect of, on rat and frog spinal 
neurones, 373 

N-Methyl-5-HT, stimulates release of transmitter from 
rabbit cardiac sympathetic nerves, 276P 

Methyl red, effect of endogenous metabolites on binding of, 
to human serum albumin, 283P 

a-Methyl-p-tyrosine, effect of, on mazindol anorexia, 367 

—, effect of, on effect of amantadine on brain con- 
centrations of dopamine and noradrenaline, 561 

a-Methyldopamine, cardiovascular effect of, in conscious 
cat, 505 

sont thy noradrenaline: centrally induced hypotension and 
bradycardia after administration of, into area of nucleus 
tractus solitarii of rat, 593 

eee effect of, on rat social behaviour, 

55P 

a-Methyltyrosine, effect of, on hypothermia induced in un- 
anaesthetized cat, 489 

Methysergide, decreases incidence of ethanol withdrawal 
head twitches in mice, 9 

—, effect of, in combination with triprolidine on 
arachidonic acid-induced paw oedema in the rat, 311P 

—, effect of, on fenfluramine-induced glucose uptake into 
isolated rat hemidiaphragm, 286P 

— , mode of action of, in treatment of migraine and effect on 
isolated rabbit ear artery and aorta, 21] 

Methylxanthines, effect of, on aromatic amino acids in 
plasma, brain and other tissues, and on brain 5-HT 
metabolism, 533 

Metiamide, action of, in anaphylaxis in vivo in the guinea- 
pig, 303P 

— , effect of, on acid secretion stimulated by gastrin, acetyl- 
choline and dibutyryl cyclic AMP im isolated whole rat 
stomach, 149 

“— , effect of, on response of denervated cremaster muscle to 
histamine, 229 

Metoclopramide, comparative studies on effects of, and 
some known neuroleptics on the EEG of the conscious 
rat, 269P 

Migraine, interactions of drugs used in treatment of, with 5- 
HT and noradrenaline in rabbit isolated ear artery and 
aorta, 211 

Milk-ejection reflex, central and peripheral inhibition of, 
studies with -adrenoceptor antagonists, 464P 

Mimosine, effect of, on rat and frog spinal neurones, 373 
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Mineralocorticold hypertension, evolution of aortic and 
cardiac cyclic AMP phosphodiesterase during the onset 
of, in rat, 434P 

Mitogenic activity, of different types of non-immunological 
inflammatory exudates on macrophages in culture, 448P 

Monoamine oxidase activity, and carbohydrate metabolism, 
450P 

-—-, effect of subcutaneous adrenaline injections on platelet 
activity, 291P 
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amino acid-evoked responses from, 583 

Myocardial infarction, acute, in dog, effects of dobutamine 
on early stages of, 407P 

~, experimental study of arrythmias following, in closed- 
chest dog, its use as a test for antiarrythmic drugs, 409P 

Myocardial strips, action of cytochrome C on trans- 
membrane potentials of normal and hypoxic guinea-pig, 
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Propranolol, long-term effects of, on tyrosine hydroxylase 
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— , effect of, on mazindo!l anorexia, 367 


—, effects of, in normal and adrenalectomized rats on 
neuromuscular function, 302P 

' Respiration, inhibition of, by amphetamine-type anorectic 
drugs, 436P 

— , and blood pressure in the anaesthetized cat, 316P 
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and dopamine in the dog, 3 

L-Tryptophan, effects of, on activity in the rat, 117 

— , effect of, on cerebral metabolism of 5-HT and dopamine 
in the dog, 3 

(+}-Tubocurarine, affinity constants for, in guinea-pig 
innervated and denervated cremaster muscle, 229 

Tyramine, effect of, as substrate on monoamine oxidase 
activity in rat brain and spinal cord, 279P 

— , effect of TEA on response of rat anococcygeus muscle 
to, 47 

-— , mechanism of entry into rabbit erythrocytes, 294P 

——, pressor response to, reduced by indapamide in rats and 
cats, 282P 

Tyrosine, in plasma, brain and other itasues, effect of amino- 
phylline on, 533 

Tyrosine hydroxylase, long-term effects of propranolol on, 
in superior cervical ganglia of rabbit, 430P 


U 


UP507-04, activity of, on two models of obesity in animals, 
437P 

Uptake, or , blockade, effect of, on release of noradrenaline 
from adrenergic nerve terminals, 599 

Urea, effect of, on binding of o-methyl red to human serum 
albumin, 283P 

Uric ack, effect of, on binding of o-methyl red to human 
serum albumin, 283P 

Urinary bladder, adrenoceptors of the guinea-pig, 37 

Urinary concentration process, effect of (+:)-propranolol on, 
after frusemide in rat, 413P 

Uterine supersensitivity, post-nephrectomy, to angiotensin, 
molecular mechanism of, 433P 


vV 


Vagotomy, effect of, on cardiovascular effects of a-methyl- 
noradrenaline after administration into area of rat 
nucleus tractus solitarii, 593 

Vas deferens, effects of denervation and cocaine on response 
of isolated rat, to noradrenaline and methoxamine, 280P 

Vasoconstrictor supersensitivity, to angiotensin II in vitro, 
prostaglandin E, released from kidneys of genetic hyper- 
tensive rats contributes to, 462P 

Vasopressin, effect of high rates of administration of, on 
renal potassium and sodium excretion during potassium 
loading in the sheep, 81 

Verapamil, effect of, on hypothermia induced in un- 
anaesthetized cat, 489 


Xx 


Xylocaine, effect of, on hypothermia induced in un- 
anaesthetized cat, 489 





British Journal of 
Pharmacology 


EDITED FOR 


THE BRITISH PHARMACOLOGICAL SOCIETY 


BY 


A. W. Cuthbert (Chairman) H. M. Adam (Secretary) 
Margaret Day (Press Editor) 
J. D. Stephenson (Assistant Press Editor) 


A. M. Barrett J. S. Kelly 

W. G. Bisset G. M. Lees 

T. B. Bolton G. P. Lewis 

D. A. Brown L H. M. Main 
D. A. Callingham E. K. Matthews 
T. J. Crow J. F. Mitchell 
F. de Matteis P. A. Nasmyth 
C. T. Dollery M. W. Parkes 
V. Eisen M. Sandler 

E. W. Gill A. P. Silverman 
A. F. Green M. A. Simmonds 
D. F. Hawkins F. M. Sullivan 
Margarethe Holzbauer A. Ungar 

D. B. Hope R. A. Webster 


VOLUME 58, 1976 


LONDON 


MACMILLAN JOURNALS LIMITED 
4 LITTLE ESSEX STREET, WC2R 3LF 


17 


27 


37 


43 


47 


37 


71 


8l 


165 


173 


British Journal of Pharmacology 


CONTENTS 


VOLUME 58 NUMBER 1 


BUDNY, J, DOW, R.C., ECCLESTON, D., 
HILL, A.G. & RITCHIE, ISOBEL M. A 
comparison of D and L-tryptophan on the cerebral 
metabolism of 5-hydroxytryptamine and dopamine 
in the dog 

COLLIER, H.O.J., HAMMOND, M.D. & 
SCHNEIDER, C. Effects of drugs affecting endo- 
genous amines or cyclic nucleotides on ethanol 
withdrawal head twitches tn mice 

LUNDELL, L., SVENSSON, S.E. & NILSSON, 
G. Further studies on the mode of action of iso- 
prenaline on gastric secretion in the conscious rat 
TURNBULL, M.J. & WATKINS, JW. 
Determination of halothane-induced sleeping time 
in the rat: effect of prior administration of centrally 
active drugs 

DAVE, K.C. & DHATTIWALA, A.S. Adreno- 
ceptors of the guinea-pig urinary bladder 
HOGLUND, ELIN, WESTLING, H. & WHITE, 
T. Circulatory effects of oral and subcutaneous 
administration in normal subjects of a new 
bronchodilator ibuterol, a pro-drug to terbutaline 
GILLESPIE, J.S. & TILMISANY, A.K. The 
action of tetraethylammonium chloride on the 
response of the rat anococcygeus muscle to motor 
and inhibitory nerve stimulation and to some drugs 
ROBERTS, FIONA & STEPHENSON, R.P. The 
kinetics of competitive antagonists on guinea-pig 
ileum 

LULICH, K.M., MITCHELL, H.W. & 
SPARROW, M.P. The cat lung strip as an in vitro 
preparation of peripheral airways: a comparison of 
f-adrenoceptor agonists, autacoids and ana- 
phylactic challenge on the lung strip and trachea 
BEAL, A.M. The effect of high rates of vaso- 
pressin administration on renal potassium and 
sodium excretion during potassium loading in the 
sheep 


VOLUME 58 NUMBER 


COLINA-CHOURIO, J., McGIFF, J.C., 


‘MILLER, M.P. & NASJLETTI, A. Possible 


influence of intrarenal generation of kinins on pro- 
staglandin release from the rabbit perfused kidney 
BRIATICO, G., GUISO, G., JORI, A. & 
RAVAZZANI, C. Effects of contraceptive agents 
on drug metabolism in various animal species 


89 


101 


109 


117 
121 


127 


137 


141 


149 


157 


189 


SEPTEMBER 1976 


BROADLEY, K.J. The releas: 
dilator metabolite from the 
perfused heart stimulated 
histamine and electrical pacin; 
anoxia 

JHAMANDAS, K. & 
Morphine—naloxone interact 
cholinergic system: the infir 
lesioning and electrical stimula 
EVANS, R.H. & SMITH, J.V 
cholamines on the influx c 
development of tension in 
diaphragm muscle 

TAYLOR, M. Effects of 1 
methionine on activity in the r: 
TODA, N. Influence of <« 
adrenaline on isolated cerebré 
RICHARDSON, P.D.I. The 
secretin on the small intestin: 
anaesthetized cat 
BOREHAM, P.F.L. & 
Hypotension in rabbits infe 
soma brucei 

CREESE, R. & MACLA! 
Labelled decamethonium in ca 
BUNCE, K.T., PARSONS, } 
NITA A. The effect of metian 
stimulated by gastrin, acetylc 
cyclic adenosine 3’,5’-mon 
isOlated whole stomach of the. 


SHORT COMMUNICATIO 


BROWN, D.A. & GA 
HAYASHI, E. & YAMA 
surugatoxin on nicotinic rece 
cervical ganglion of the rat 


OCTOBER 1976 


STEINESS, EVA & VALEN 
digoxin uptake:. dissociatior 
induced inotropism and r 
potassium 


KISIN, LE. On the decrease c 
consumption induced by chic 


L 
4 
) 


| McDONALD-GIBSON, 
3ED, S.A. Stimulation of pro- 
esis by drugs: effects in vitro of 
g gut function 

& SMAJE, L.H. Bradykinin 
dilatation in the salivary gland 
RA, HUMPHREY, P.P.A. & 
ceptors for 5-hydroxytryptamine 
‘e in rabbit isolated ear artery and 


EANNINE, MENDES, GUN B., 
: E., PAIVA, A.C.M. & 
BREZINHA, B. Effect of 
nd prostaglandin on the smooth 

g activity of angiotensin and 


UREEN, EVINÇ, AKGÜN & 
NE. The denervated cremaster 
‘uinea-pig as a pharmacological 


239 BEVAN, P., BRADSHAW, C.M. & SZABADI, 
E. The action of micro-electrophoretically applied 
L-3,4-dihydroxyphenylalanine (DOPA) on single 
cortical neurones 


247 CLANACHAN, AS. & McGRATH, J.C. Effects 
of ketamine on the peripheral autonomic nervous 
system of the rat 


253 SMITH, G.W. & SOMOVA, LILIANA I. Renal 
function and renal venous prostaglandin con- 
centrations during different stages of experimental 
renal hypertension in the rat 


261 KALSNER, S. The lack of effect of oxy- 
tetracycline on responses to sympathetic nerve 
stimulation and catecholamines in vascular tissue 


267P PROCEEDINGS OF THE BRITISH 
PHARMACOLOGICAL SOCIETY, Dundee, 
15-16 July, 1976 


OCEEDINGS OF THE BRITISH PHARMACOLOGICAL SOCIETY 
University of Dundee, 15th—-16th July, 1976 


R. & PHILLIPS, S.W. 
inhibitory mechanisms in the 
` and preoptic area of the rat 
| MILLER, AA. & 

Comparative studies on the 
pramide and some known 
EEG of the conscious rat 

D. Comparison of the 

jebilities of morphine and 
esus monkey 

& SUGRUE, M.F. Some 

ol on the metabolism of 
rat brain 

W., GARCIA-MUNOZ, M., 
M., TULLOCH, IF. & 
troduced by Ashcroft, G.W.). 
(pathway responsible for ‘feed- 
‘amine release? 

AST, M.R. The effects 
uptake and release of brain 


MARSHALL, P.B. & 
‘ffect of chronic pretreatment 
c bronchodilator drugs on 
f guinea-pig lung adenylate 


P.W. & WALTER, 
\ doses of buprenorphine on 
aovanillic acid (HVA), 5- 
cid) (5-HIAA) and 3- 
1ylglycol (MHPG) in the 


; LEACH, G.D.H. The 
{ dopamine-f-hydroxylase 
ormo- and hypertensive rats 


` 
a 


t m 


216P FOZARD, J.R. & MOBAROK ALI, A.T.M. 
Evidence for tryptamine receptors on cardiac 
sympathetic nerves 

2718P IDOWU, O.A. & ZAR, M.A. Inhibitory effect of 
clonidine on a peripheral adrenergic synapse 

279P GEORGE, A.J. & JONES, G.T. Studies on 
monoamine oxidase in rat spinal cord 

280P DEHPOUR, A.R., GHAFFARPOUR, F., 
HOSSEINZADEH, K. & KHOYI, M.A. 
(introduced by Michal, F.) Effect of denervation 
and cocaine on the response of isolated rat vas 
deferens to noradrenaline and methoxamine 

280P SUMMERS, R.J. & TILLMAN, JANET. The 
effects of AH 5158 on metabolism of 
3H(— noradrenaline released from the cat spleen 
by nerve stimulation 

281P CORBETT, A.D., MAIN, BARBARA E., MUIR, 
T.C. & TEMPLETON, D. The receptors involved 
in catecholamine mediated growth and secretion in 
rat parotid gland 

282P FINCH, L. & HICKS, P.E. Studies on the marked 
antihypertensive properties of indapamide (SE 
1520) in rats and cats 

283P BOWMER, C.J. & LINDUP, W.E. Effect of 
endogenous metabolites on the binding of o-methyl 
red to human serum albumin 

284P BENNETT, P.N., DAVIES, D.S. & 
HAWKESWORTH, GABRIELLE M. In vivo 
absorption studies with paraquat and diquat in the 
dog 

285P TURNBULL, M.J. & WATKINS, J.W. Change in 
sensitivity to halothane in the rat following 
administration of sodium barbitone in the drinking 
water 


286P KIRBY, MARILYN J. & TURNER, P. Effect of 
some receptor antagonists on fenfluramine-induced 
glucose uptake into the isolated rat hemidiaphragm 

287P JETLEY, M. & WESTON, A.H. Some effects of 
D600, nifedipine and sodium nitroprusside on 
electrical and mechanical activity in rat portal vein 

288P DALE, M. MAUREEN & MUID, R. A simple in 
vitro preparation of mammalian tissue exhibiting 
properties of slow tonic skeletal muscle 

289P DAVEY, A., MARRIOTT, A. & STOCKHAM, 
M.A. Fitting a general sigmoid model to 
pharmacological response curves 

290P SANGER, G.J. & WATT, A.J. A postsynaptic 
action of prostaglandin E, on sympathetic 
responses in guinea-pig ileum 

291P BOURNE, R.C., FRITH, C.D., OWEN, F. & 
RILEY, G.J. (introduced by Crow, T.J.). The effect 
of subcutaneous injections of adrenaline on platelet 
MAO activity 

292P BACH, CATHERINE S. & JASANI, M.K. Role 
of lymphocytes in accumulation of fibrin in rabbit 
skin homografts 

294P BLAKELEY, A.G.H. & NICOL, C.J.M. 
Accumulation of biogenic amines by rabbit 
erythrocytes 

295P MITCHELL, SHEILA M., POYSER, N.L. & 
WILSON, N.H. Effect of p-bromophenacyl 
bromide, an inhibitor of phospholipase A,, on pro- 
staglandin production by the guinea-pig uterus 

296P BUNTING, S., HIGGS, G.A. MONCADA, S. & 
VANE, J.R. Generation of thromboxane A,-like 
activity from prostaglandin endoperoxides by 

-~ polymorphonuclear leukocyte homogenates 

297P WESTWICK; J. (introduced by Lewis, G.P.). The 
effect of pulmonary metabolites of prostaglandins 
E,, E, and F,, on ADP-induced aggregation of 
human and rabbit platelets 

298P GORDON, J.L. & MacINTYRE, D.E. 
Stimulation of platelets by bis-enoic prostaglandins 

299P GORDON, J.L., MacINTYRE, D.E. & 
McMILLAN, R.M. Malondialdehyde production 
and the release reaction in rat blood platelets: 
inhibition by aspirin and indomethacin ex vivo 

300P GORDON, J.L. & OVERMAN, H.J. Transport of 

_ 5-hydroxytryptamine by rat and human platelets 

301P JACKSON, D.M, & RICHARDS, I.M. A further 
action of sodium cromoglycate 

302P GIBSON, A., POLLOCK, D. & SPENCE, J.C. 
The effects of corticosteroids on the responses of 
the anococcygeus and gastrocnemius muscles to 
nerve stimulation in the pithed rat 

303P GOADBY, P. & LITTLE, M. ANN. The action of 
metiamide in anaphylaxis in vivo in the guinea-pig 

304P REGOLI, D., ST-LOUIS, J. & the late PARK, 
W.K. Factors regulating the time-course of the 
relaxation of rabbit sorta strips after contraction 
by angiotensin I 


305P GIBSON, A. & J | 
relaxations of the rat ar, 

305P FOSTER, R.W. How ce’ 
examinations of equal dif’ 

306P HOULT, J.R.S. Compa. 
pharmacology examinatic, 
and essay questions ` 

307P FOY, J.M. Learning from | 
tape-slide teaching 

308P FOY, J.M. & SENIOR, JU 


pharmacology to unde 
students 


309P MARSHALL, P.B. & STE 
patterns in science gradua 

310P FIRRELL, J.C., PECK, M 
(introduced by Lewis, ( 
transfer reaction: a model 
acute inflammation 

311P COTTNEY, J., LEWIS, 
Arachidonic acid-induced 

312P LUSCOMBE, D.K. & ? 
experiment with student 
influence of formulation 

312P LISCOMBE, D.K. į 
Intersubject variabil 
acetylation in student v, 

313P HOULT, J.R.S. Films 


314P D’MELLO, A. & - 
pharmacological demo' 


314P LEACH, G.D.H. Dei 
television for pharmacc 


315P COX, B., FOZARD, J 
tape programmes in the 

315P FOY, J.M. & HOPKL,_ 
and the eye 


316P FOY, J.M. & SEN} 
methods in pharmacol-—- 

316P LEACH, G.D.H. Lap 
perfusion 

316P FOY, JM. & McC 
pressure and respirati 

317P BLACK, A. KOB 
HENSBY, C.N. & 
method of obtaining 
exudate for pharmac 


f 


317P WEIR, R.D., MOI 
GALLON, S.C., DZ 
& CHRISTOPHE 
medicines evaluatiot, 

318P TELLA, A. Studi. 
malaria 


3 CLARK, A.L. & MITCHELSON, F. The 
inhibitory effect of gallamine on muscarinic 
20 receptors 


VOLUME 58 NUMBER 3 NOVEMBER 1976 


373 BISCOE, T.J, EVANS, R.H., HEADLEY, P.M., 
MARTIN, M.R. & WATKINS, J.C. Structure- 
activity relations of excitatory amino acids on frog 


83 EAKINS, K.E. RAJADHYAKSHA, V. & and rat spinal neurones 
2 ý SCHROER, R. Prostaglandin antagonism by 383 DEY, P.K. & FELDBERG, W. Analgesia 
i sodium § p-benzyl-4-[1-oxo-2-4-chlorobenzyl)-3- produced by morphine when acting from the liquor 
$ phenylpropyllphenyl phosphonate (N-0164) space l 
("341 SEGAL, M. Glutamate antagonists in rat 395 BARTLET, A.L. Actions of carbon tetrachloride, 
hippocampus hexachloroethane and the products of their 
"347 RICHARDS, C.D. & SMAJE, J.C. Anaesthetics metabolism in sheep on Fasciola hepatica 
$ depress the sensitivity of cortical neurones to L- 401 HENNINGSSON, S. & ROSENGREN, ELSA. 
glutamate The effect of nandrolone, an anabolic steroid on 
7359 SMAJE, J.C. General anaesthetics and the putrescine metabolism in the mouse 
acetylcholine-sensitivity of cortical neurones 407P PROCEEDINGS OF THE BRITISH AND 
367 KRUK, Z.L. & ZARRINDAST, M.R. Mazindol FRENCH PHARMACOLOGICAL 
h anorexia is mediated by activation of dopaminergic SOCIETIES, The University of Oxford, 15—17 
ae mechanisms September, 1976 
PROCEEDINGS OF THE BRITISH AND FRENCH PHARMACOLOGICAL SOCIETIES 
: The University of Oxford, 15th—17th September, 1976 


407P MARSHALL, R.J. & PARRATT, J.R. The effects 
4 of dobutamine in the early stages of acute 
“1 experimental myocardial infarction in the dog 
408P DELAIGUE, R, DUCHENE-MARULLAZ, P., 
a. GUEORGUIEV, G. & KANTELIP, J.P. 
œ Comparative effects of chloralose and pento- 
barbital on a atrioventricular conduction in the dog 
1P9P FARGES, J.P., FAUCON, G. & OLLAGNIER, 
2. M. Heterogeneous reactivity of atrial and 
~ ventricular cardiac contractile tissue 
309P DUPUIS, B., GAUTIER, P., RICHER, G. & 
ç SERRE, M. A method for experimental study of 
arrhythmias following myocardial infarction in 
closed-chest dog. Its use as a test for 
antiarrhythmic drugs 
‘310P GARNIER, D., GOUPIL, N., NARGEOT, J., 
‘+  POURRIAS, B. & ROUGIER, O. Effects of 
tryptamine on mechanical and electrical activities 
i ofsino-atrial frog auricular trabeculae 
.. (OP BERDEAUX, A., BOISSIER, JR. & 
k GIUDICELLI, J.F. Autonomous control of the 
i heart, myocardial blood flow and S-T segment in 
canine ischaemic myocardium 
7411P BERDEAUX, A., BOISSIER, J.R. & 
GIUDICELLI, J.F. Atenolol, regional myocardial 
* . blood flow and S-T segment in canine ischaemic 
*.. myocardium 
“*11P CHARLIER, R.H., RAUTHIER, J.A. & 
RICHARD, J.C. An indolizine with an 
-V amiodarone-like haemodynamic profile 
- 412P TAYLOR, S.H. & THADANL U. Oxprenolol in 
4 angina pectoris 
412P HARICHAUX, P. & HARY,.L. Some com- 
a plementary data on AH 5158, an inhibitor of both 
a- and -adrenoceptors 


e 


413P IMBS, J.L., SCHMIDT, M. & SCHWARTZ, J. 
Effect of (+}propranolol on the recovery of 
urinary concentration process after frusemide, in 
the rat 

413P DE POVER, A. & GODFRAIND, T. The role of 
potassium in the inhibition by cardiac glycosides of 
(Na*-K*+} ATPase prepared from human heart 

415P HONERJAGER, P. & REITER, M. (introduced 
by Trendelenburg, U.). Batrachotoxin: activity- 
dependent prolongation of the cardiac action 
potential and positive inotropic effect 

416P FOZARD, J.R. & MOBAROK ALI, A.T.M. 
Inhibition of the stimulant effect of 5-hydroxy- 
tryptamine on cardiac sympathetic nerves by 5- 
hydroxytryptamine and related compounds 

417P BOULU, R.G., LARSEN, R.G., PLOTKINE, M. 
& ROSSIGNOL, P. Effects of carbonic anhydrase 
inhibitors upon cerebral cortex oxygen availability 
and resistance to hypoxia - 

417P BOISMARE, F.R., HACPILLE, L., 
LEFRANCOIS, J.P. & LEPONCIN, M. Long- 
lasting effects of the opening of the blood brain 
barrier on the modifications induced by 
intracarotid injection of noradrenaline 

418P BEYAN, P., BRADSHAW, C.M. & SZABADI, 
E. Neuronal responses to adrenoceptor agonists in 
the cerebral cortex: evidence for excitatory a- 
adrenoceptors and inhibitory -adrenoceptors 

419P DESOIZE, B., JARDILLIER, J.C., LEGER, C. & 
NAHAS, G.G. Delta-9-tetrahydrocannabinol 
(THC) and macromolecular synthesis: 
mechanisms of action 

419P PASCAUD, X.B. & ROGER, A.R. Is the gastric 
antisecretory property of clonidine in rats of 
central origin? 


420P BAKER, G.B., BERTOLLINI, A., del 
CARMINE, R., MARTIN, I.L. & RAITERI, M. 
Effects of p-chloro-f-phenylethylamine on the 
uptake and release of putative amine neuro- 
transmitters in rat brain 

422P FLUDDER, JOAN M. & TONGE, SALLY R. 
(introduced by Leonard, B.E.). Modification by 
oestrogen of the effects of (D)}amphetamine 
sulphate on noradrenaline metabolism in discrete 
areas of rat brain 

423P AMBROZI, L., BIRKMAYER, W., RIEDERER, 
P. & YOUDIM, M.B.H. L-Dopa and (—)}deprenil 
in the treatment of Parkinson’s disease: a long-term 
study 

424P RICHARDS, J.G. Autoradiographic evidence for 
the effects of specific uptake-inhibitors on the 
selective accumulation of [%H]-5-HT by supra- 
ependymal nerve terminals and for the localization 
of binding sites for [7H]-pLSD 

425P FILLION, G., FILLION, M.P., JACOB, J. & 
ROUSSELLE, J.C. 5-HT and LSD high affinity 
binding sites to brain synaptosomal membranes 

426P HILLIER, K., ROBERTS, P.J. & WOOLLARD, 
P.M. Catecholamine-stimulated prostaglandin 
synthesis in rat brain synaptosomes 

427P HILEY, C.R. Ontogenesis of muscarinic receptor 

Sites in rat brain 

428P COLQUHOUN, D. Analysis of end-plate current 
fluctuations produced by acetylcholine and acetyl- 
monoethyicholine in rat muscle 


429P LOUBATIERES, A.L., RIBES, G. & VALETTE, 
G. Pharmacological agents and acute experi- 
mental hyperlactataemia in the dog 

430P CHUBB, LW. & RAINE, A.E.G. (introduced by 
Vaughan Williams, E.M.). Long-term effects of 
propranolol on tyrosine hydroxylase and 
dopamine-f-hydroxylase in the superior cervical 
ganglia of the rabbit 

431P AUCLAIR, M.C., JOURDON, P., LECHAT, P. 
& LEMEIGNAN, M. Action of cytochrome C on 
transmembrane potentials of normal or hypoxic 

~ guinea-pig myocardial strips 

431P FARRAR, D.G. & VERITY, ANNE. Analysis of 

the effects of isoxsuprine on guinea-pig atria and 
_ trachea 

432P ALTMAN, J., Da PONTE, F. & WORCEL, M. 
Altered reactivity of stomach fundus smooth 
muscle in Okamoto spontaneous hypertension 

433P CHEVILLOTTE, E., DEVYNCK, M.A., 
MEYER, P., PAPADIMITRIOU, A, 
ROUZAIRE-DUBOIS, B. & WORCEL, M. 
Molecular mechanism of post-nephrectomy uterine 
supersensitivity to angiotensin 

434P LUGNIER, C., MICHON, T. & STOCLET, J.C. 
Evolution of aortic and cardiac cyclic AMP 
phosphodiesterase during the onset of mineralo- 
corticoid hypertension in the rat 


+ 
J 
iad 


435P COHEN, Y., LINDENBAUM, A., PORQUET, 
D. & WEPIERRE, J. Evidence of central 
cardiovascular effects of intracerebroventricular 
isoprenaline in anaesthetized rat ` 

435P NAHORSKI, S.R. & SMITH, BRENDA 2? 
Characteristics and altered sensitivity of cerebr 
-adrenoceptors assessed by ([°H]-propranolo 
binding 

436P DUBOST, M., ESCOUSSE, A., MOUNIÉ, J. 4 
TRUCHOT, R. Peripheral effects of t 
amphetamine-type anorectic drugs: inhibition o, 
catecholamine-induced lipolysis, respiration 
glucose utilization in the adipose tissue of man an 


rat 

437P DUMEUR, G., HUE, BERNADETTE, LWOFF. 
J.M., MOURIES, M.A. & TREMBLAY, I 
Activity of anorectic drugs (amphetamin 
amfepramone and UP 507—04) on two models o. 
obesity in animals 

437P MARCY, R. & QUERMONNE, M.? 
Decremental skin conductance response in mic 
during iterative photostimulation; an attentio 
Sustaining capacity model for psychopharm 
cological research 

439P CLARKE, CORAL H., NICHOLSON, A.N. & 
STONE, BARBARA M. Effect of the 1,5 
benzodiazepines, clobazam and triflubazam, on thr 
sleep of man 

439P SILVERMAN, A.P. Behavioural changes in rats 
suggesting drug-induced headache 

440P FAGG, G.E. JORDAN, C.C. & WEBSTEI 
R.A. The release of endogenous amino acids fror 
the cat spinal cord in vivo 

441P LEWIS, D.A. & PARROTT, D.P. The effect oi 
cortisol on a,-macroglobulin and a,-acute phase 
globulin in the arthritic rat 

442P MILLER, P. & ROBSON, P. (introduced by — 
James, G.W.L.). Potentiation of anaphylactic 
bronchoconstriction by non-steroidal anti-inflam- 
matory agents 

443P DELBARRE, B., SCHMITT, H. & SENON. 
DANIELLE. Effects of activation of H, and H, ~ 
receptors on central cardiovascular structures i 
cats and on behaviour in chickens i 

444P DUCKWORTH, J.W., LANCE, J.W., LOR ` 
G.D.A. & MYLECHARANE, E.J. (introduced t 
Raper, C.). Histamine receptors in the cranie. 
circulation of the monkey 

445P BURKA, J.F., EYRE, P. & HOLROYDE, M.C. 
Dopaminergic (co-mediator) modulation of releas - ~”. 
of histamine and SRS-A in the calf a 

446P WHITTLE, B.J.R. Calcium and the inhibition ”. 
histamine release from rat peritoneal mast cells! “— 
non-steroid anti-inammatory agents , 

447? VARGAFTIG, B.B. Effects of prostagland : | 
synthetase inhibitors and of other drugs o 
aggregation of plasma-free rabbit platelets b 
carrageenan and by thrombin 


448P ADOLPHE, M., DUNN, C.J., FONTAGNE, J., 
GIROUD, J.P., LECHAT, P., PAUBLANT, D. & 
WILLOUGHBY, D.A. Mitogenic activity of 
different types of non-immunological inflammatory 
exudates on macrophages in culture 

;448P CONOLLY, M.E, GREENACRE, JK. & 
SCOFIELD, P. Dose-dependent desensitization of 
lymphocyte beta-receptor function after long-term 
i culture with isoprenaline 

1450P ALRIC, R., LIGNON, F., LOUBATIÈRES, A.L., 

d MANTEGHETTI, M. & PUECH, R. Non- 

u saturable co-operative binding of tolbutamide to 

isolated islets of Langerhans 

. 450P ISMAHAN, G., PARVEZ, H. PARVEZ, S. & 

{. RAZA-BUKHARI, A. Interrelations between 

oa MAO activity and carbohydrate metabolism 

¥451P DEWS, P.B. Effects of drugs on suppressed 
responding 
-452P BOISSIER, J.R., DUMONT, C, 

i OBERLANDER, C. & PETERFALVI, M. A 

$ comparison of circling behaviour induced in nitro- 

a striatal lesioned rats after peripheral administration 

of indole derivatives 

*453P WADDINGTON, J.L. (introduced by Crow, T.J.). 

A behavioural model of the GABA-facilitating 
| action of benzodiazepines: rotational behaviour 
j after unilateral intranigral injection of chlor- 

diazepoxide 

454P KOOB, G., DEL FIACCO, MARINA & 

, IVERSEN, SUSAN D. The behavioural effects of 

. EOS-induced changes in substantia nigra GABA 

levels i 

454P BOISSIER, J.R., GODEFROY, F., SOUBRIE, P., 

THIEBOT, M.H. & WEIL-FUGAZZA, J. Platelet 

uptake of ['C]-5-hydroxytryptamine in ‘emo- 

: tional’ and ‘non-emotional’ rats 

455P CURZON, G. & MARSDEN, C.A. Effects of p- 
| chlorophenylalanine and a-methyltryptophan on 
rat social behaviour 
, 456P BOWERY, N.G. Reversal of the action of y- 
aminobutyric acid (GABA) antagonists by 
barbiturates 
t58P BREUKER, E., DINGLEDINE, R. & IVERSEN, 

L.L. Evidence for naloxone and opiates as GABA 

antagonists 
. 458P DAVIES, J. & DRAY, A. Actions of enkephalin 
bet and morphine on spinal cord and brain stem 


v 


neurones 

f sop HILL, R.G. & PEPPER, C.M. The effects of 

| morphine and metenkephalin on nociceptive 
neurones in the rat thalamus 

‘60P BIRDSALL, N.J.M., BRADBURY, A.F. 
BURGEN, A.S.V., HULME, E.C., SMYTH, D.G. 
& SNELL, C.R. Interactions of peptides derived 
from the C-fragment of f-lipotropin with brain 
opiate receptors 


————— 


462P ARMSTRONG, J.M. & LATTIMER, N. Prosta- 
glandin E, released from the kidneys of genetic 
hypertensive rats contributes to the vaso- 
constrictor supersensitivity to angiotensin I in 
vitro 

463P CARDINAL, D.C. & HILL, T.W.K. (introduced 
by Walker, J.M.G.). A device for controlling 
perfusion pressure 


464P DAWES, P. & REDFERN, P.H. A simple and 
inexpensive method for the intracerebral 
administration of drug solutions to the conscious 
rat 


464P CLARKE, G. & LINCOLN, D.W. Central and 
peripheral inhibition of the milk-ejection reflex: 
studies with p:-adrenoceptor antagonists 

465P FILE, SANDRA E., HYDE, J. & POOL, M. 
(introduced by Neal, M.J.). Effects of ethanol and 
chlordiazepoxide on social interaction in rats 


466P de BONO, D.P., GORDON, J.L., MacINTYRE, 
D.E. & PEARSON, J.D. Active transport of 
adenine and adenosine by blood platelets and 
cultured endothelial cells 


467P LEWIS, D.M. & WEBB, SANDRA N. Adrenaline 
on isotonic contractions of mammalian skeletal 
muscle 


468P KRUK, Z.L., SMITH, L.A. & ZARRINDAST, 
M.R. Antagonism of responses to anorectics by 
selective receptor blockers 


469P JENNER, P.G. & PYCOCK, C.J. Interaction of 
clonidine with dopamine-dependent behaviours in 
rodents 


470P PILOT, MARIE-ANNE (introduced by D’Mello, 
A.). Indomethacin and acid secretion in the 
isolated perfused canine stomach 


471P BOOT, J.R., DAWSON, W. & OSBORNE, DJ. 
The biological significance of prostaglandin-like 
substances released from immunologically 
challenged guinea-pig lungs 

472P BOLAM, J.P., FORD-HUTCHINSON, A.W, 
SMITH, M.J.H. & WALKER, J.R. A sponge 
implantation test in the rat as a model for screening 
anti-inflammatory activity 

472P BENDING, M.R., BENNETT, PN. & 
ROWLAND, M. Pethidine pharmacokinetics in 
dog: dose and time studies 

473P BARBHAITYA, R.H. & TURNER, P. Fluorimetric 
determination of ampicillin and cephalexin 

474P BLAU, K., GOODWIN, B., WOODS, H.F. & 
YOUDIM, M.B.H. Phenylethylamine formation in 
perfused rat liver 

475P CHICHMANIAN, R.M., KINSUN, lL, 
MOULIN, M.A. & SAVINI, E.C. The effect of 
glucocorticoids on turn-over of acetylcholine and 
prostaglandins in the isolated guinea-pig ileum 


y 


479 


483 


489 


497 


505 
517 
521 
529 


533 


547 


A 


VOLUME 58 NUMBER 4 DECEMBER 1976 


PERSSON, C.G.A. Inhibitory innervation of cat 
sphincter of Oddi 

AZUMA, H., BANNO, K. & YOSHIMURA, T. 
Pharmacological properties of N-(3’,4’-dimethoxy- 


_ cinnamoyl) anthranilic acid (N-5’), a new anti- 


atopic agent 

METCALF, G. & MYERS, R.D. A comparison 
between the hypothermia induced by intra- 
ventricular injections of thyrotropin releasing 


‘hormone, noradrenaline or calcium ions in un- 


anaesthetized cats 

GIACHETTI, A. & HOLLENBECK, R.A. Extra- 
vesicular binding of noradrenaline and guanethi- 
dine in the adrenergic neurones of the rat heart: a 
proposed site of action of adrenergic neurone 
blocking agents . 

DAY, M.D. & ROACH, A.G. Cardiovascular 
effects of dopamine after central administration 
into conscious cats 

CHEN, C.S., GATES, G.R. & REYNOLDSON, 
J.A. Effect of morphine and naloxone on priming- 
induced audiogenic seizures in BALB/c mice 
ROSS, S.B. Long-term effects of N-2-chloroethyl- 
N-ethyl-2-bromobenzylamine hydrochloride on 
noradrenergic neurones in the rat brain and heart 
WONG, P.Y.D. & YEUNG, C.H. Inhibition by 
amiloride of sodium-dependent fluid reabsorption 
in the rat isolated caudal epididymis 

CURZON, G. & FERNANDO, J.C.R. Effect of 
aminophylline on tryptophan and other aromatic 
amino acids in plasma, brain and other tissues and 
on brain 5-hydroxytryptamine metabolism 
PARRATT, J.R. & STURGESS, R.M. The effect 
of a new anti-inflammatory drug, flurbiprofen, on 
the respiratory, haemodynamic and metabolic 
responses to E. coli endotoxin shock in the cat 


553 


561 


569 


573 


583 


593 


599 


605 


613 


STEINESS, EVA & VALENTIN, N. Myocardial 
uptake of digoxin in chronically digitalized dogs 


BROWN, F. & REDFERN, P.H. Studies on the 
mechanism of action of amantadine 7 


COTMAN, C.W., HAYCOCK, J.W. & LEVY, 
W.B. On the functional coupling of neuro- 
transmitter uptake and release in brain ; 


McDONALD-GIBSON, WENDY J., SAEED, 
S.A. & SCHNEIDER, C. The local antino- 
ciceptive and topical anti-inflammatory effects 
of propyl gallate in rodents 


CONSTANTI, A. & NISTRI, A. Antagonism by 
some antihistamines of the amino acid-evoked 
responses recorded from the lobster muscle fibre 
and the frog spinal cord 


DE JONG, W. & NIJKAMP, F.P. Centrally 
induced hypotension and bradycardia after 
administration of a-methylnoradrenaline into the 
area of the nucleus tractus solitarii of the rat 


HEDQVIST, P. Further evidence that prosta- 
glandins inhibit the release of noradrenaline from 
adrenergic nerve terminals by restriction of avail- 
ability of calcium 


FAST, D. & TENENHOUSE, A. The effect of > 
dibutyryl cyclic adenosine-3’,5'-monophosphate 
on protein secretion from the rat exocrine pancreas 
in vitro a 


BARLOW, R.B, BERRY, K.J., GLENTON, . 
P.A.M., NIKOLAOU, N.M. & SOH, K.S. A com- . 
parison of affnity constants for muscarine- 
sensitive acetylcholine receptors in guinea-pig atrial 
pacemaker cells at 29°C and in ileum at 29°C and 
37°C l 








INSTRUCTIONS TO AUTHORS 


Papers will be considered for publication on all aspects of drug action, including chemotherapy 
A recent issue of the Journal is a good guide to style. l 

Manuscripts (two copies) should be sent to Dr H.M. Adam, Department of Pharmacology 
University of Edinburgh Medical School, 1 George Square, Edinburgh, EH8 9JZ, from whom 
copies of the full Instructions to Authors, published in Br. J. Pharmac, 50, 3-23, may also be 
obtained. Specific points to note are: 


l. Manuscript should be typed in double spacing on one side of paper not larger than A4 
(206 x 294 mm). There should be a separate title page giving the names and addresses of the 
authors in alphabetical order. A short title of not more than 50 letters should also be suggested. 


2. Statement Papers are accepted only if accompanied by a statement that they have not been 
and will not be published in whole or in part in any other Journal. 


3. Summary (2 copies) This should be a short summary of results and conclusions arranged in 
numbered paragraphs. 


4. Abstract (2 copies) An abstract of about 100 words suitable for inclusion in an abstracting 
journal should be typed on a separate sheet, giving the author’s name and address and the title 
of the paper. 


5. Figures These should not be larger than A4 (206 x 294 mm) and may be in the form of 
original drawings, recorded tracings or high quality photographic prints made from them. 
Negative prints of kymograph tracings (black on white) should be provided, and both ordinates 
and abscissae should be calibrated. Lettering on figures should be inserted in pencil. Symbols 
which are to appear in figures or legends should be chosen from the following: 


Oe@eom AAV Y 


Photographs and photomicrographs should be printed on glossy paper and should be larger than 
the size required for reproduction. 


6. Tables These should not have more than 85 characters to a line (counting spaces between 
columns as 4 characters) and certainly not more than 110 characters to a line, unless absolutely 
unavoidable. Figure legends and tables should be typed on separate sheets of paper. 


7. References These should be collected in alphabetical order at the end of the paper. They 
should include the authors’ names, year of publication (in brackets), title of article, title of 
publication (abbreviated in accordance with the fourth edition of the World List of Scientific 
Periodicals), volume number and first and last page numbers. References to books should in 
addition, include the names of editors, the edition number, where appropriate, and the town of 


origin and name of publisher. 


Two page proofs will be supplied, one of which may be retained by the authors. The other 
should be corrected immediately and returned to the Press Editor. Corrections should be kept 


to a minimum. 


Twenty-five reprints will be supplied to the authors free of charge. Additional reprints can be 
purchased. A reprint order form, which should be returned promptly, will be sent out with the 
proofs. No reprints of abstracts are supplied. 


Short Communications These may be accepted if they merit priority publication and do not 
require revision. They may contain up to 1,200 words of text and only one figure or table. The 
summary should be a single paragraph. An abstract and statement should be included. 


483 


489 


497 


505 


521 


533 


547 


British Journal of Pharmacology 


VOLUME58 NUMBER4 DECEMBER 1976 j 


PERSSON, C.G.A. Inhibitory innervation of cat 
sphincter of Oddi 


AZUMA, H., BANNO, K. & YOSHIMURA, T. 
Pharmacological properties of N-3',4’-dimethoxy- 
cinnamoyl) anthranilic acid (N-5'), a new anti- 
atopic agent 


METCALF, G. & MYERS, R.D. A comparison 
between . the hypothermia induced by intra- 
ventric injections of thyrotropin releasing 
hormo noradrenaline or calcium ions in un- 
anaesthetized cats 


GIACHETTI, A. & HOLLENBECK, R.A. Extra- 
vesicular binding of noradrenaline and guanethi- 
dine in the adrenergic neurones of the rat heart: a 
proposed site of action of adrenergic neurone 
blocking agents 


DAY, M.D. & ROACH, A.G. Cardiovascular 
effects of dopamine after central administration 
into conscious cats 


CHEN, C.S., GATES, G.R. & REYNOLDSON, 
J.A. Effect of morphine and naloxone on priming- 
induced audiogenic seizures in BALB/c mice 


ROSS, S.B. Long-term effects of N-2-chloroethyl- 


N-ethyl-2-bromobenzylamine hydrochloride on. 
noradrenergic neurones in the rat brain and heart- : 


- WONG, P.Y.D. & YEUNG, C.H. Inhibition by 


amiloride of sodium-dependent fluid reabsorption 
in the rat isolated caudal epididymis 


CURZON, G. & FERNANDO, J.C.R. Effect of 
aminophylline on tryptophan and other aromatic 
amino acids in plasma, brain and other tissues and 
on brain 5-hydroxytryptamine metabolism 


PARRATT, J.R. & STURGESS, R.M. The effect 
of a new anti-inflammatory drug, flurbiprofen, on 
the respiratory, haemodynamic and metabolic 
responses to È. coli endotoxin shock in the cat 


553 


561 


569 


573 


583 


593 


599 


605 


613 


pP 
4: Printed in Great Britain by The Whitefriars Press Ltd., London and Tonbridge 


\ 


STEINESS, EVA & VALENTIN, N. Myocardig 
uptake of digoxin in chronically digitalized dogs - 


b 


BROWN, F, & REDFERN, P.H. Studies on th. 
mechanism of action of amantadine .. 


COTMAN, C.W., HAYCOCK, J.W. & LEVY 
W.B. On the functional coupling of oo 
transmitter uptake and release in brain 


McDONALD-GIBSON, WENDY J., SAEED \ 
S.A. & SCHNEIDER, C. The local antine’ 
ciceptive and topical anti-inflammatory effec: 
of propyl gallate in rodents 


1 
CONSTANTI, A. & NISTRI, A. Antagonism L 
some antihistamines of the amino acid-evok 
responses recorded from the lobster muscle fibt 
and the frog spinal cord 


t 


} 
DE JONG, W. & NIJKAMP, F.P. Central" 
induced hypotension and bradycardia aft: — 
administration of a-methylnoradrenaline into the 
area of the nucleus tractus solitarii of the rat ° 


HEDQVIST, P. Further evidence that prost: 
glandins inhibit the release of noradrenaline fro 
adrenergic nerve terminals by restriction of ava.’ 
ability of calcium 7 
A 
rai 
FAST, D. & TENENHOUSE, A. The effect 
dibutyryl cyclic adenosine-3',5'-monophospha! | 
on protein secretion from the rat exocrine pancre- 
in vitro : | 


BARLOW, R.B., BERRY, KJ., GLENTO?. 
P.A.M., NIKOLAOU, N.M. & SOH, K.S. A com 
parison of affinity constants for. muscarine-;. 
sensitive acetylcholine receptors in guinea-pig atrial, 
pacemaker cells at 29°C and in ileum at 29°C ap” x 
37°C ydy 





